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FOREXA/ORD 


A  forest  typically  is  made  up  of  a  large 
number  of  stands  differing  in  stage  of  develop- 
ment, composition,  and  condition,  and  often 
intermingled  with  nonstocked  areas.  The  task 
in  developing  action  programs  is  to  select  and 
fit  the  pieces  of  the  management  puzzle  to- 
gether in  the  way  that  best  allows  the  achieve- 
ment of  the  management  objective.  However, 
before  the  program  can  evolve,  or,  in  fact, 
before  a  realistic  program  objective  can  be 
developed,  there  must  be  an  evaluation  and 
ranking  of  the  forest  areas  in  terms  of  the 
opportunity  they  afford  to  produce  specified 
products.  This  is  part  of  the  information 
needed  for  intelligent  decision  making. 


This  paper  is  concerned  with  the  ranking 
of  timber  management  opportunities  in  exist- 
ing stands  on  National  Forest  land  capable  of 
producing  white  pine  in  the  Forest  Service's 
Northern  Region.  Presently  management  at- 
tention is  focused  on  this  land,  partly  because 
it  is  such  good  timber  producing  land  and 
partly  because  the  presence  of  blister  rust  in 
white  pine  has  forced  the  Northern  Region 
into  a  reevaluation  of  the  management  of 
white  pine  land.  However,  the  evaluation 
techniques  described  here  are  applicable  in 
other  forest  situations  as  well,  wherever  treat- 
ment alternatives  exist. 


IV 


IIMTRODUCTION 


Ik'caLisc  the  Northern  l<ei;ioii  does  not  have 
an  effective  way  to  control  white  pine  blister 
rust,  a  decision  has  been  made  to  discontinue 
regenerating  new  white  pine  stands  until  rust 
resistant  white  pine  planting  stock  is  available 
or  an  economical  rust  control  method  is 
developed.  Hie  nianagement  problem  is  broad- 
er, however,  than  the  question  of  what 
species  to  regenerate  in  place  oi'  white  pine 
during  this  interim  period.  The  white  pine 
land'  is  largely  stocked  with  timber,  much  of 
which  is  white  pine.  Eventually,  it  is  hoped, 
the  extensive  research  now  underway  will  pro- 
duce an  effective  rust  control  method.  In  the 
meantime  tlie  question  is  what  to  do  with 
these  stands  and  in  what  order;  how  to  manage 
them  in  the  interim  period  when  effective 
control  of  blister  rust  is  impossible. 

This  report  attempts  to  answer  the  question 
by  presenting  a  general  method  of  approach 
to  the  management  alternatives.  The  principal 
objective  is  to  discuss  some  of  the  financial 
aspects  o\'  timber  management  decision  mak- 
ing on  public  lands.  This  subject,  though 
basic  to  the  management  of  stands  on  white 
pine  land,  reaches  beyond  the  problems  of 
white  pine  forests. 

The  purpose  of  timber  management  plan- 
ning on  public  land  is.  broadly  speaking, 
threefold: 

1.  To  produce,  tor  a  given  planning  period, 
a  specified  How  of  timber  yields  consistent 
with  both  timber  marketing  and  timber  grow- 
ing opportunities. 

2.  To  select  the  areas  best  suited  for  produc- 
ing  the   yields   specified   and   to   manage   the 


^Tlie  term  "white  pine  land"  is  used  througlunit 
this  paper  to  designate  land  now  growing  or  suitable 
for  growing  white  pine.  Siieh  land  is  prineipally 
in  Clearwater.  Coeur  d'Alene,  Colville,  Kaniksu, 
Kootenai,  and  St.  Joe  National  Forests. 


selected  areas  in  a  way  to  achieve  the  most 
desirable  balance  between  timber  growing, 
recreation,  watershetl  protection,  and  other 
forest  uses. 

3.  To  accomplish  the  timber  growing  ob- 
jectives in  the  most  economical  manner  pos- 
sible. 

A  consciousness  of  all  three  aims  ol  plan- 
ning is  vital  to  sound  policy  making  and  pro- 
gram development.  For  example,  if  a  manager 
were  to  estal  ....  „  production  goal  without 
considering  rates  of  return  possible  from  the 
forest,  he  might  find  his  goal  and  program  to 
be  economically  unrealistic.  Again,  if  he  se- 
lected for  management  only  those  stands  that 
would  individually  produce  the  highest  return 
on  the  investment,  thus  achieving  the  objective 
of  economy,  he  might  find  it  difficult  if  not 
impossible  to  secure  the  concomitant  objec- 
tives of  (low  o\'  yields  and  good  coordination 
with  other  uses. 

This  discussion  is  primarily  concerned  with 
the  financial  ranking  of  stands  for  manage- 
ment treatment.  Common  sense  dictates  that 
all  actions  be  considered  in  relation  to  the 
specified  management  objective,  that  the  areas 
selected  for  timber  growing  be  those  where 
the  t)bjectives  can  be  achieved  at  least  cost, 
and  then  that  the  management  action  needed 
be  taken  in  the  most  efficient  manner  possible. 

Since  timber  nianagement  involves  the  ex- 
peiuliture  of  either  public  or  private  money,  it 
isclearly  tiesirable  to  choose  from  the  available 
stands  and  management  measures  those  that 
can  accomplish  the  manager's  objectives  and 
at  the  same  time  produce  the  greatest  ilolkir 
return  on  the  investment,  l^stimations  ol  rate 
of  return  are  therefore  valuable  aids,  and  will 
be  discussed  in  the  lollowing  pages  not  as  ends 
in  themselves,  but  as  steps  in  management 
decision  makiuL;. 


MANAGEMENT  POSSIBILITIES 


Timber  management  possibilities  in  any 
area  are  limited  by  the  capacity  of  the  land  to 
produce  crops  of  wood.  This  capacity  varies, 
to  some  extent,  according  to  the  species  grown. 
Timber  management  possibilities  are  also  lim- 
ited by  the  nature  of  the  stands  already  exist- 
ing on  the  land.  This  is  the  primary  concern 
of  the  present  discussion.  Land  capability  and 
species  alternatives  are  discussed  in  an  earlier 
publication  in  the  series  reporting  on  this 
study  (Research  Paper  INT-43).  They  will  be 
mentioned  here  only  briefly. 

YIELD  CAPACITY  OF  WHITE  PINE  LAND 

The  3.5  million  acres  of  white  pine  land  in 
the  National  Forests  of  the  Northern  Region 
includes  the  most  productive  timberland  in  the 
Rocky  Mountains  and  is  among  the  most  pro- 
ductive in  the  United  States.  The  white  pine 
land  of  the  Northern  Region  is  now  producing 
only  a  quarter  to  a  third  of  the  timber  yields 
that  could  be  realized  with  more  intensive 
management.  This  situation  exists  primarily 
because  only  a  portion  of  the  forest  has  been 
converted  to  a  regulated  condition.  Conver- 
sion of  an  old-growth  forest  to  a  condition  in 
which  the  growing  capacity  of  the  land  is 
efficiently  utilized  and  growing  stock  is  man- 
aged to  produce  a  regulated  tlow  of  products 
is  a  long-term  task.  What  can  be  accomplished 
at  any  one  time  is  limited  by  economic  cir- 
cumstances and  often  is  complicated  by  nat- 
ural catastrophes  such  as  fire,  disease,  insects, 
and  weather.  However,  under  management 
adequate  to  provide  for  prompt  regeneration 
and  stocking  control  the  portion  of  this  land 
that  is  site  60  or  higher  could  produce  more 
than  800  board  feet  per  acre  per  year  in  an 
80-year  rotation.  About  70  percent  of  land 
capable  of  growing  white  pine  is  that  good. 

The  capacity  of  white  pine  land  to  produce 
trees  is  indicated  in  a  more  specific  way  by  the 
data  in  table   1.  This  table  shows  average  10- 


year  diameter  growth  rates  by  species  for 
dominant  and  codominant  trees  measured  on 
Forest  Survey  plots  on  white  pine  land.  The 
growth  rates  shown  compare  favorably  with 
growth  rates  in  wild  stands  (stands  that  de- 
veloped naturally  and  in  which  no  effort  has 
been  made  to  control  stocking)  in  other  high 
timber-producing  areas  of  the  United  States. 

SPECIES  CAPABILITIES 

Even  though  it  is  not  practical  at  this  time 
to  attempt  to  grow  white  pine  on  the  land 
understudy,  because  etTective  means  of  blister 
rust  control  are  lacking,  a  number  of  other 
species  can  be  grown.  The  most  popular 
species  that  might  be  grown  are  those  listed 
in  table  1.  Trees  of  these  species  now  exist  on 
the  land,  in  some  places  as  pure  stands,  but 
more  often  in  stands  of  mixed  species,  often 
including  white  pine.  As  the  growth  rate  data 
in  table  1  indicate,  many  of  the  species  listed 
grow  well  on  white  pine  land. 

The  capacity  of  all  the  species  listed  to 
utilize  the  land  can  be  influenced  through 
management.  The  nature  of  this  opportunity 
is  partially  retlected  by  the  data  in  table  1. 
The  standard  deviations  in  growth,  which  are 
a  measure  of  the  variations  in  growth  rates 
encountered,  show  a  wide  range  for  all  species. 
Significantly  half  or  more  of  this  variation 
in  growth  can  be  explained  by  differences  in 
stand  density,  tree  age,  and  tree  vigor  (which 
is  influenced  by  stand  density),  suggesting 
that  considerable  opportunity  exists  to  im- 
prove the  yield  of  merchantable  wood  through 
well-timed  stocking  control. 

EXISTING   STANDS 

An  important  consideration  in  deciding 
how  and  when  to  bring  a  particular  area  or 
stand  under  management  regulation  is  the 
nature  of  the  cover  already  present  on  the 


Table  1.  - 


Average  10-year  diameter  growth  rates  by  species 
for  trees  growing  on  white  pine  land 


Species 


Average  10-year  diameter 
growth,  all  sites 


Standard  deviation 
of  growth 


White  pine 
Ponderosa  pine 
Grand  fir 
Douglas-fir 
Cedar-hemlock 
Western  larch 
Spruce-alpine  fir 
Lodgepole  pine 


Inches 

2.378 

2.173 

2.131 

1.755 

1.711 

1.656 

1.508 

1.468 


Inches 

Percent 

1.023 

43 

.821 

38 

1.003 

47 

.921 

52 

.864 

50 

.777 

47 

.746 

49 

.782 

53 

Source:  Forest  Survey  data. 


land.  The  vegetation  cover  on  tlie  white  pine 
land  of  the  Northern  Region  has  changed  con- 
siderably in  this  century  as  a  result  of  man's 
actions  as  well  as  natural  factors. 

Forest  management  started  in  the  white 
pine  area  in  the  Northern  Region  about  the 
turn  of  the  century,  on  land  supporting  largely 
old-growth  white  pine  timber.  Since  then  the 
Forest  Service  has  been  selling  timber,  gradu- 
ally converting  the  unmanaged  old-growth 
forest  to  a  regulated  forest  condition  as 
economic  limitations  would  permit.  During 
this  time  a  large  volume  of  old-growth  timber 
was  destroyed  by  wildfires,  disease,  and  in- 
sects. Today  over  half  the  forest  area  supports 
stands  of  sawtimber-size  trees.  However,  saw- 
timber  stands  older  than  100  years  occupy 
only  a  little  over  a  third  of  the  area.  The 
forest  can  be  pictured  in  terms  of  stand  si/.e 
as  follows:' 


^All  resource  data  in  the  tabulation  were  obtained 
from  Forest  Survey.  All  information  except  that  pre- 
sented later  for  young  stands  originating  since  1949 
is  from  surveys  conducted  in  1958-fSl.  Tlie  informa- 
tion for  the  stands  originating  since  1949  was  up- 
dated by  the  Nortlicrn  Region  from  recent  stand 
examination  records  and  stand  establishment  records. 


Stand  size 

Sawtimber: 

Older  than  160  years 
1 00  to  1  60  years  old 
Less  than  100  years  old 

Subtotal 

Poletimber 
Seedling  and  sapling 
Sid:)total 

Nonstocked 
Total 


Stand  area 

(Thousand    (Percent 
acres)        of  total) 


5X6 

18.2 

5  23 

16.3 

741 

23.0 

1,850 

57.5 

620 

19.2 

749 

23.3 

3,219 

100.0 

278 

3,497 


Species  composition  of  stands  varies.  Al- 
though white  pine  is  a  component  of  many  of 
the  stands  on  this  land  today,  as  a  residt  of 
type  conversion  only  12  percent  of  the  3.5 
million  acres  of  National  lorest  land  capable 
of  growing  white  pine  actually  supports  stands 
in  which  white  pine  is  the  jirincipal  siiecies. 
Much  of  this  is  sawtimber  that  can  be  har- 
vested; however,  as  the  following  tabulation 
shows,  there  are  1  25,000  acres  ol'  white  pine 
type  ccjntaining  stands  ol"  trees  that  are  below 
sawtimber  si/.e: 


Stand  size 

Thousand  acres 

Sawtimber 

303 

Poletimber 

93 

Seedling  and  sapling 

32 

Total 

428 

From  even  this  brief  description  of  the 
forest  occupying  white  pine  land,  it  is  evident 
that  managers  hoping  to  improve  timber  pro- 
duction must  deal  with  a  variety  of  situations. 
Stand  composition  as  well  as  stand  size  may 
vary,  ranging  from  almost  pure  stands  of  a 
single  species,  including  white  pine,  to  stands 
of  a  variety  of  species  mixtures.  Stands  may 
range  in  age  from  less  than  a  year  to  over  200 
years,  and  in  condition  from  vigorous  and 
healthy  to  heavily  diseased  and  decadent.  It  is 
important  to  recognize  also  that  some  stands 
are  on  stable  soils  and  gentle  slopes  so  that 
they  are  easy  to  develop,  whereas  others  are 
on  highly  unstable  soils  or  steep  slopes,  or 
both,  and  may  not  be  loggable  with  present 
technology.  There  is  no  simple  answer  to  the 
management  of  these  stands  nor  is  there  a 
simple  solution  applicable  to  all.  Every  stand 
}}iust  be  evaluated  individiiaUy.  However,  cer- 
tain general  considerations  must  be  recognized 
with  respect  to  white  pine  and  other  mer- 
chantable and  nonmerchantable  stands. 

White  Pine  Stands 

Because  there  is  still  hope  for  a  practical 
method  of  blister  rust  control  and  research  is 
going  forward  to  find  one,  managers  may  wish 
to  defer  action  on  white  pine  stands  if  cost- 
value  relationships  would  not  be  materially 
changed  by  a  delay  of  a  few  years.  This  con- 
sideration would  apply  to  mature  stands  as 
well  as  young  stands.  Again,  regardless  of  how 
serious  losses  due  to  blister  rust  or  other  agents 
may  be,  it  would  not  be  wise  to  harvest  if 
logging  would  seriously  damage  soil  or  water- 
shed values,  or  both.  It  also  may  be  desirable 
to  adjust  priorities  in  treatment  planning  so 
as  to  achieve  yield  objectives  more  fully. 

Merchantable  Stands 

Some  merchantable  stands  cannot  be  logged 
economically  with  present  technology  with- 
out undue  watershed  damage.  However,  the 


major  consideration  in  dealing  with  mer- 
chantable stands,  particularly  on  highly  pro- 
ductive land,  is  mortality.  If  mortality  is  very 
light,  the  manager  will  want  to  defer  cutting 
as  long  as  possible.  In  stands  on  good  land 
where  mortality  rates  are  high,  cutting  will 
need  to  be  accelerated  to  reduce  mortality 
losses. 

Cutting  for  salvage  in  high-mortality  stands 
appears  particularly  urgent  in  seriously  threat- 
ened high-value  old-growth  stands  of  white 
pine.  With  its  higher  stumpage  value,  white 
pine  can  carry  the  cost  of  much  of  the  access 
development  needed  to  serve  a  multitude  of 
land  use  objectives.  If  the  white  pine  values 
are  lost,  large  areas  may  have  to  remain  with- 
out access  for  many  years  to  come. 

The  opportunity  to  develop  and  log  an  area 
economically  can  be  quickly  lost  as  mortality 
increases.  The  Northern  Region  has  about 
150,000  acres  of  mature  white  pine  timber 
type  in  areas  largely  inaccessible.  Much  of  this 
timber  is  in  stands  yet  to  be  inventoried  in 
sufficient  detail  to  indicate  mortality,  but  in 
those  stands  that  have  been  surveyed,  5  to  7 
percent  of  white  pine  timber  has  been  dying 
each  year. 

Data  from  the  Forest  Survey  indicate  the 
nature  of  the  problem  of  mortality.  The  vol- 
ume of  salvable  dead  timber^  reflects  the  more 
recent  mortality:  38,000  acres  support  saw- 
timber  stands  containing  1,500  cubic  feet 
(roughly  7,500  board  feet)  or  more  in  sal- 
vable dead  trees  per  acre,  as  the  following 
tabulation  shows: 


Volume  of 

Approximate 

Thousand 

salvable 

board  feet 

acres 

dead  wood 

per  acre 

(Cu.  ft./acre) 

Less  than  499 

1,250 

1,699 

500-999 

3,750 

81 

1,000-1,499 

6,750 

33 

1,500-1,999 

8,750 

18 

2,000-2,499 

11,250 

9 

2,500-2,999 

13,750 

7 

Over  3,000 

15,000+ 

4 

Total 

1,851 

^Dead  merchantable  trees  containing  50  percent 
or  more  sound  wood  at  the  time  of  measurement. 


The  harvesting  opportunity  is  limited  as 
well  by  the  volume  of  timber  available  per 
aere  and  by  the  eost  of  road  development.  In 
developed  areas  it  is  sometimes  possible  to 
harvest  volumes  of  1,000  board  feet  per  acre 
or  less.  Data  are  lacking  to  show  timber  avail- 
able in  relation  to  development  cost.  Generally 
speaking,  timber  can  be  hai-vested  if  the  vol- 
ume available  in  trees  of  merchantable  size 
over  large  areas  exceeds  5,000  board  feet  per 
acre,  unless  problems  of  access  and  develop- 
ment are  severe.  Of  the  1,850,000  acres  of 
sawtimber  in  the  study  area,  1,633,000  acres 
support   5,000  board  feet  or  more  per  acre. 

One  of  the  more  urgent  problems  facing 
the  Northern  Region  is  to  complete  an  in- 
ventory of  white  pine  stands  of  hai-vestable 
size  and  determine  priorities  for  harvesting. 

Nonmerchantable  Stands 

The  nonmercliantable  stands,  like  the  me'-- 
chantable  stands,  represent  a  wide  range  of 
situations,  and  each  stand  has  to  be  considered 
individually.  Also,  each  stand  has  to  be  con- 
sidered in  relation  to  the  operability  and 
quality  of  the  land  it  is  growing  on  and  in 
relation  to  the  management  goals  set  for  the 
Forest. 

Depending  on  their  age,  size,  vigor,  and 
species  composition,  and  on  tJie  quality  and 
character  of  the  land  on  which  they  are  grow- 
ing, nonmerchantable  stands  present  a  variety 
of  possibilities.  Some  may  offer  few  manage- 
ment opportunities  either  because  nature  alone 
is  doing  a  good  job  or  because  any  improve- 
ments in  the  yield  would  be  small  in  relation 
to  the  costs  involved.  In  addition,  some  of  the 
pure  or  almost  pure  white  pine  stands  are  so 
near  gone  that  there  is  no  alternative  but  to 
start  over  with  a  new  stand  of  some  other 
species  or  mixture  of  other  species. 

The  majority  of  the  immature  stands,  how- 
ever, are  mixed  species,  if  these  are  over- 
stocked, thinning  is  always  a  management 
possibility.  Any  diseased  white  pine  trees  in 
these  stands  can  be  removed  in  the  thinning 
treatment. 


Stands  in  the  younger  age  classes  (fig.  1) 
are  generally  thought  to  offer  the  best  thin- 
ning opportunities,  because  capabilities  lor 
growth  response  generally  decrease  with  age 
as  well  as  with  increases  in  stocking  and  loss 
of  crown.  According  to  surveys  made  in 
1958-61,  of  the  1,36^8,000  acres  of  pole  si/e 
and  smaller  timber,  693,000  acres  supported 
stands  that  originated  after  1929,  and  of  these, 
I  2 1 ,000  acres  supported  stands  that  originateti 
after  1949.  Since  the  1958-61  survey,  an  ad- 
ditional 100,000  acres  of  new  stands  have 
been  established  on  white  pine  land,  52,000 
acres  by  planting  and  48,000  by  natural  re- 
generation. 

For  the  most  part  these  stands  are  well 
stocked  with  potential  crop  trees"  that  will 
produce  good  timber  products.  Many  of  the 
221 ,000  acres  of  stands  originating  since  I  949 
have  already  been  examined  to  evaluate  thin- 
ning opportunities,  and  data  from  these  exam- 
inations suggest  that  most  of  this  land  is  well 
stocked  in  terms  of  potential  crop  trees.  These 
data  suggest  that  if  the  stands  examined  are 
representative  of  the  221,000  acres,  then 
190,000  acres  have  200  or  more  potential 
crop  trees  per  acre,  in  the  following  pro- 
portions: 


Potential  crop 

Thousand 

trees  per  acre 

acres 

Less  than  1  00 

1 

100-  199 

29 

200  -  299 

60 

300  -  400 

86 

Over  500 

44 

Total 


221 


One  of  the  problems  of  this  area  is  that  the 
potential  crop  trees  are  growing  in  competition 
with  many  trees  that  are  excess  to  the  needs 
of  the  stands.  Some  stands,  principally  phin- 
tations,  have  relatively  few  excess  trees  per 
acre.    However,   one-third   of  the  stands  that 


'*//?  stand  examinations,  potential  crop  trees  are 
identified  with  referenee  to  tree  quality  and  distribu- 
tion. These  are  the  trees  that  would  be  featured  if  the 
stand  were  to  be  thinned. 
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originated    since    1 ')4*)    have    1, ()()()  or  more 
excess  trees  per  acre,  as  follows; 


Excess  trees 
per  acre 

Less  than  199 
200  -  499 
500  -  999 
1,000  1,999 
2,000  -  2.999 
3,000  or  more 
Total 


Thousand 
acres 

71 
44 
32 
46 
13 
15 


Managers  may  also  wish  to  consider  methods 
of  improving  wood  quality  yield  by  prun- 
ing. Pruning  might  help  to  control  dwarf- 
mistletoe,  which  infects  some  nonmerchan- 
table  stands.^  However,  the  practicability  of 
this  method  has  yet  to  be  demonstrated  in 
this  Region.  Dwarfmistletoe  might  also  be 
controlled  through  eradication  of  infected 
and  exposed  trees  during  the  thinning  process. 


^  Flora,  Donald  F.  A  luctlKjcl  of  forecasting  returns 
from  ponderosa  pine  dwarfmistletoe  control.  U.S. 
Forest  Sen'.  Res.  Pap.  PNW-37,  17pp.  1966. 


Some  nonmerchantable  stands  are  residual 
stands  of  cull  timber.  Included  in  the  forest 
on  white  |iine  lantl  are  83,000  acres  su|)porting 
stands  containing  3,000  cubic  feet  or  more 
per  acre  oi'  cull  sawtimber.  Some  of  this  land 
is  excellent  for  limber  production  site  class 
80  or  better;  about  hall'  is  site  index  60  or 
better: 


Site  class 

80+ 

70 

60 

50 

40 

Total 


Thousand  acres 

10 
12 
17 
23 

21 


83 


The  site  class  I'or  most  of  this  land  is  based 
on  measurement  of  old  residual  cidl  trees, 
which  usually  results  in  an  underestimate  of 
site.  In  many  instances  these  cull  stands  can 
be  removed  inexpensively  under  salvage  con- 
tracts, making  the  land  available  to  grow  a 
new  crop.  In  others,  it  may  be  possible  to  I'ell 
and  burn  residual  stands  so  that  the  land  can 
be  used. 


Table  3.  —  Total  volume  of  all  trees  0.6  inch  d.b.h.  and  larger 
for  normal  white  pine  stands 


Age 

Sitei 

nde> 

50 

60 

70 

80 

C^uhiir'  ippf  y^ov 

npyp 

40 

2,270 

2,650 

[.  ^^, 

3,030 

3,400 

50 

3,640 

4,210 

4,830 

5,470 

60 

5,050 

5,880 

6,710 

7,600 

70 

6,450 

7,500 

8,560 

9,730 

80 

7,750 

9,000 

10,350 

11,750 

90 

8,980 

10,450 

12,000 

13,650 

100 

10,100 

11,850 

13,500 

15,400 

110 

11,150 

13,000 

14,800 

16,850 

Source:  Haig,  Irvine  T.  Second  growth  yield,  stand  and  volume  tables  for  the 
western  white  pine  type.  U.S.  Dep.  Agr.  Tech,  Bull.  323,  68  pp.  1932. 


ning,  fully  stocked  western  larch  stands  on 
site  70  land  should  produce  4,682  cubic  feet 
of  wood  at  age  50  in  trees  8  inches  and  larger 
and  that  8-inch  trees  can  be  utilized.  In  other 
words,  it  is  expected  that  an  additional  2,500 
cubic  feet  of  wood  per  acre  will  be  available 
in  trees  8  inches  and  larger  at  age  50  as  a 
result  of  thinning.  The  above  information  is 
shown  graphically  in  figure  3. 

It  is  well  to  recognize  the  low  state  of  the 
art  of  projecting  stands  under  different  levels 
of  management.  However,  in  ranking  stands 
for  management  treatment,  the  crudity  of 
stand  projection  techniques  need  not  be  a 
serious  handicap  so  long  as  there  is  no  evidence 
of  bias.  It  is  essential  only  that  the  procedures 
and  data  used  produce  results  that  are  con- 
sistent from  stand  to  stand. 

Estimating  future  wood  prices  is  even  more 
difficult  than  predicting  stand  response  to 
treatment.  No  one  can  say  definitely  what 
wood  will  be  worth  50  or  100  years  in  the 
future  or  how  prices  will  vary  between  species. 
After  studying  price  trends,  the  manager  must 
judge  what  future  prices  are  likely  to  be,  but 
he  must  recognize  that  his  conclusion  is  largely 
guesswork. 


A  recent  analysis  of  wood  selling  prices 
(Research  Note  INT-65  in  this  series)  indicates 
that  the  high  prices  of  white  pine  and  ponder- 
osa  pine  are  largely  the  result  of  the  demand 
for  the  clear  wood  of  these  species.  Unless 
stands  are  pruned  or  rotations  are  lengthened, 
the  price  differences  between  white  and  pon- 
derosa  pine  and  other  species  may  be  less  in 
the  future.  It  is  probable  that  species  price 
differences  will  be  negligible  in  stands  just 
achieving  merchantable  size.  However,  it  is 
also  probable  that  wood  value  increases  with 
tree  size  in  some  species  more  than  in  others. 

Even  though  species  price  differences  have 
been  lessening  in  recent  years,  the  manager 
may  still  wish  to  recognize  some  differences 
in  establishing  prices  to  be  used  in  evaluating 
timber  growing  opportunities. 

Accessibility  to  market  may  be  a  desirable 
point  to  consider,  and  a  range  of  prices  by 
species  that  reflects  distance  from  principal 
processing  centers  might  be  established.  How- 
ever, if  analyses  of  individual  stands  are  to  be 
comparable,  the  price  estimates  applied  to 
similar  stands  that  are  to  be  managed  in  the 
same  way  must  be  the  same. 
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Figure  2.  Volume  by  tree  size  class  in  fully  stocked  wild  stands 
of  white  pine,  site  class  60. 


TIME  PERIOD  ESTIMATES 
MUST  BE  CONSISTENT 

Two  aspects  of  time  are  important  in  fi- 
nancial calculations.  First,  there  are  the  specific 
times  when  incomes  are  expected  or  expendi- 
tures are  to  be  made.  Second,  there  is  the 
overall  time  period,  tlie  rotation  planned  for 
a  timber  growing  operation. 

Depending  on  the  circumstances  surround- 
ing the  management  of  a  Forest,  the  effects  of 


a  particular  management  treatment  may  be 
immediate  or  may  be  realized  at  some  later 
point  in  time.  To  illustrate,  if  the  aimual 
allowable  cut  were  to  increase  immediatcl>' 
because  of  some  management  action,  the  fi- 
nancial calculations  would  be  based  on  the  net 
value  of  the  increase  in  cut  for  as  long  as  it 
persisted.  On  the  other  hand,  if  the  benefits 
were  not  reali/.ed  until  some  future  date  dur- 
ing or  at  the  end  of  the  rotation,  the  calcula- 
tion of  rate  of  return  would  have  to  take 
account  of  the  elapsed  time. 
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Table  3.  -  Total  volume  of  ail  trees  0.6  inch  d.b.h.  and  larger 
for  normal  white  pine  stands 


Age 

Sitei 

ndex 

50 

60 

70 

80 

^tthi/^    fo£>t   r>/?P 

nnyp 

40 

2,270 

2,650 

P^f 

3,030 

3,400 

50 

3,640 

4,210 

4,830 

5,470 

60 

5,050 

5,880 

6,710 

7,600 

70 

6,450 

7,500 

8,560 

9,730 

80 

7,750 

9,000 

10,350 

11,750 

90 

8,980 

10,450 

12,000 

13,650 

100 

10,100 

11,850 

13,500 

15,400 

110 

11,150 

13,000 

14,800 

16,850 

Source:  Haig,  Irvine  T.  Second  growth  yield,  stand  and  volume  tables  for  the 
western  white  pine  type.  U.S.  Dep.  Agr.  Tech.  Bull.  323,  68  pp.  1932. 


ning,  fully  stocked  western  larch  stands  on 
site  70  land  should  produce  4,682  cubic  feet 
of  wood  at  age  50  in  trees  8  inches  and  larger 
and  that  8-inch  trees  can  be  utihzed.  In  other 
words,  it  is  expected  that  an  additional  2,500 
cubic  feet  of  wood  per  acre  will  be  available 
in  trees  8  inches  and  larger  at  age  50  as  a 
result  of  thinning.  The  above  information  is 
shown  graphically  in  figure  3. 

It  is  well  to  recognize  the  low  state  of  the 
art  of  projecting  stands  under  different  levels 
of  management.  However,  in  ranking  stands 
for  management  treatment,  the  crudity  of 
stand  projection  techniques  need  not  be  a 
serious  handicap  so  long  as  there  is  no  evidence 
of  bias.  It  is  essential  only  that  the  procedures 
and  data  used  produce  results  that  are  con- 
sistent from  stand  to  stand. 

Estimating  future  wood  prices  is  even  more 
difficult  than  predicting  stand  response  to 
treatment.  No  one  can  say  definitely  what 
wood  will  be  worth  50  or  100  years  in  the 
future  or  how  prices  will  vary  between  species. 
After  studying  price  trends,  the  manager  must 
judge  what  future  prices  are  likely  to  be,  but 
he  must  recognize  that  his  conclusion  is  largely 
guesswork. 


A  recent  analysis  of  wood  selling  prices 
(Research  Note  INT-65  in  this  series)  indicates 
that  the  high  prices  of  white  pine  and  ponder- 
osa  pine  are  largely  the  result  of  the  demand 
for  the  clear  wood  of  these  species.  Unless 
stands  are  pruned  or  rotations  are  lengthened, 
the  price  differences  between  white  and  pon- 
derosa  pine  and  other  species  may  be  less  in 
the  future.  It  is  probable  that  species  price 
differences  will  be  negligible  in  stands  just 
achieving  merchantable  size.  However,  it  is 
also  probable  that  wood  value  increases  with 
tree  size  in  some  species  more  than  in  others. 

Even  though  species  price  differences  have 
been  lessening  in  recent  years,  the  manager 
may  still  wish  to  recognize  some  differences 
in  establishing  prices  to  be  used  in  evaluating 
timber  growing  opportunities. 

Accessibility  to  market  may  be  a  desirable 
point  to  consider,  and  a  range  of  prices  by 
species  that  reflects  distance  from  principal 
processing  centers  might  be  established.  How- 
ever, if  analyses  of  individual  stands  are  to  be 
comparable,  the  price  estimates  applied  to 
similar  stands  that  are  to  be  managed  in  the 
same  way  must  be  the  same. 
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Figure  2.  Volume  by  tree  size  class  in  fully  stocked  wild  stands 
of  white  pine,  site  class  ()0. 


TIME  PERIOD  ESTIMATES 
MUST  BE  CONSISTENT 

Two  aspects  of  time  are  important  in  fi- 
nancial calculations.  First,  there  are  the  specific 
times  when  incomes  are  expected  or  expendi- 
tures are  to  he  made.  Second,  there  is  the 
overall  time  period,  the  rotation  planned  for 
a  timber  growing  operation. 

Dependmg  on  the  circumstances  surround- 
ing the  management  of  a  Forest,  the  effects  of 


a  particular  management  treatment  may  W 
immediate  or  may  be  realized  at  some  later 
point  in  time.  To  illustrate,  il'  the  annual 
allowable  cut  were  to  increase  immediately 
because  of  some  management  action,  the  li- 
nancial  calculations  would  be  based  on  the  net 
value  of  the  increase  in  cut  i'or  as  long  as  it 
persisted.  On  the  other  hand,  if  the  benefits 
were  not  reali/eii  until  some  future  date  dur- 
ing or  at  the  <:n(\  of  the  rotation,  the  calcula- 
tion of  rate  of  return  would  have  to  take 
account  of  the  elapsed  tune. 
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Figure  3.  —  Expected  development  of  fully  stocked  western  larch  stand 

with  and  without  stocking  control,  as  represented  by 

volume  in  different  tree  size  classes. 
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In  both  situations,  however,  the  aim  is  to 
compare  the  estimated  cost  of  the  manage- 
ment treatment  being  considered  with  the 
expected  effect  on  yield,  considering  the  time 
that  will  elapse  between  the  point  when  the 
cost  is  incurred  and  the  point  when  benefit 
is  realized. 

The  time  period  or  rotation  used  is  an  im- 
portant element  in  financial  calculations.  How- 
ever, it  must  be  recognized  here  that  there  is 
a  certain  element  of  guesswork  in  the  establish- 


ment of  timber  rotations.  Circumstances  are 
continually  changing  in  a  way  that  may  affect 
the  length  of  the  timber  growing  period.  Har- 
vesting may  be  required  short  of  the  rotations 
established,  to  avoid  serious  loss  due  to  some 
forest  enemy.  Similarly,  technology  or  wood 
values  may  change,  making  either  a  shortening 
or  lengthening  of  rotations  desirable. 

The  Northern  Region  has  estabhshed  some 
tentative  rotations  and  tree-size  objectives  by 
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site  classes.  These  are  not  economic  rotations 
in  tliat  tiiey  are  not  supported  by  economic 
analysis.  They  may  be  longer  or  shorter  than 
is  desirable  from  a  timber  growing  cost-price 
point  of  view.  As  illustrated  in  table  4,  on  the 
basis  of  yield  data  for  white  pine  (site  index 
70),  only  under  the  first  of  the  two  price 
assumptions  (which  were  arbitrarily  chosen) 
is  the  rate  of  value  increase  greater  than  5  per- 
cent after  age  90.  The  rate  of  value  increase 
reflected  in  either  set  of  price  assumptions 
may  or  may  not  be  reasonable. 

Northern   Region  tentative  tree-size  objec- 
tives and  rotations  are  as  follows: 


Site  class  based  on 
height  at  50  years 


Average 

diameter         Rotation 

(Inches)  (Years) 

White  pine,  grand  fir,  spruce,  hemlock 

90+  22  90 

70-80  20  100 

50-60  18  110 

40-50  16  120 

Larch,  Douglas-fir,  ponderosa  pine 

90+  20  100 

70-80  18  110 

50-60  16  120 

40  and  less  Cordwood 


Lodgepole  |)ine 

60+  1 6  80 

40-50  14  100 

Less  than  40  Cordwood 

In  the  actual  practice  of  timber  growing, 
the  rotation  period  tends  to  be  indefinite. 
Quite  probably  in  the  luture,  the  termination 
of  stand  growing  periods  will  be  decided  as 
each  stand  takes  on  merchantable  value.  Some 
stands  may  be  held  for  long  periods  to  produce 
products  to  meet  particular  demands.  Other 
stands  may  be  cut  as  soon  as  they  become 
merchantable. 

Although  it  is  desirable  to  have  available 
an  established  scale  of  economically  defensible 
timber  growing  periods  for  broad  planning 
purposes,  that  tiuestion  need  not  be  dealt  with 
here  since  this  discussion  is  concerned  only 
with  the  ranking  of  opportunities  within  a 
particular  locality.  In  ranking  stands  or  areas 
for  management  treatment  within  a  Region 
or  within  a  Forest,  the  time  periods  used  need 
not  represent  a  serious  source  of  bias  as  long 
as  they  are  reasonably  consistent  for  the 
entire  area.  It  is  important  to  recognize  that 
in  evaluating  long-term  production  oppor- 
tunities such  as  timber  growing,  consistency 
in    procedure    and    data    is   very    important. 


Table  4.  —  Rate  of  stand  value  increase  under  two  price  assumptions  — 
yield  data  for  white  pine  site  index  70 


Volume 

Assumption 

1 

Assumption 

i2 

Age 

Price  per 

Stand  value 

Rate  of 

Price  1 

per 

Stand  val 

ue 

Rate  of 

per  acre 

Mbd. 

ft. 

per  acre 

value 
increase 

M  bd. 

ft. 

per  acre 

value 
increase 

M  bd.ft. 



-  Dollars 

Percent 



-  Dollars 

Pcrccni 

50 

19.5 

4.00 

78.00 

— 

4.00 

78.00 

— 

60 

33.8 

6.00 

202.80 

10.0 

6.00 

202.80 

10.0 

70 

44.8 

9.00 

403.20 

7.5 

8.00 

358.40 

5.9 

80 

63.5 

13.00 

825.50 

6.5 

10.00 

635.00 

5.7 

90 

78.0 

18.00 

1,404.00 

5.5 

12.00 

936.00 

4.0 

100 

90.5 

24.00 

2,172.00 

4.5 

14.00 

1,267.00 

3.1 

110 

100.9 

32.00 

3,228.80 

4.0 

16.00 

1,614.40 

2.5 

Source:    Haig,  Irvine  T.  Second  growth  yield,  stand  and  volume  tables  for  the  western  white  pine 
type.  U.S.  Dep.  Agr.  Tech.  Bull.  323,  68  pp.  1932. 
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RANKING  STANDS  FOR  TREATMENT 


The  calculation  of  rate  of  return  is  quite 
complicated  when  a  series  of  costs  as  well  as 
a  series  of  returns  are  involved.  Computer  pro- 
grams have  been  prepared  by  both  Hall  and 
Row^  for  making  present  worth  and  interest 
rate  computations.  These  programs  have  been 
adapted  by  the  Intermountain  Station  for  use 
on  the  Forest  Service's  Northern  and  Inter- 
mountain Regions'  computers  to  handle  com- 
mon evaluation  problems  of  timber  growing. 
Basic  adaptations  of  both  Hall's  and  Row's 
programs  are  described  by  Green  and  Alley  for 
use  in  ranking  species  alternatives  (Research 
Paper  INT-42  in  this  series).  The  discussion 
here  describes  another  version  of  the  Clark 
Row  program  usable  in  ranking  opportunities 
in  existing  stands  and  in  evaluating  timber 
stand  improvement  programs.  Use  of  the  pro- 
gram is  illustrated  in  brief  in  the  pages  that 
follow.  Details  of  the  program  are  presented 
in  the  Appendix. 


^Hall,  Otis.  Evaluating  complex  investments  in 
forestry  and  other  long-term  enterprises  using  a  digital 
computer.  Purdue  Univ.  Res.  Bull.  752,  1 1  pp.  1962. 
Row,  Qark.  Determining  forest  investment  rates  of 
return  by  electronic  computer,  U.S.  Forest  Serv.  Res. 
Pap.SO-6,  13  pp.  1963. 


RANKING  STANDS  FOR  REPLACEMENT 

The  program  given  here  is  identified  as 
Intermountain  Station  Investment  Analysis 
Program  No.  6,  (The  program  listing  is  given 
in  the  Appendix.)  Among  other  things,  this 
program  will  compute  discounted  net  worth' 
of  future  crops  and  discounted  net  worth  of 
the  present  and  future  crops  combined. 

There  are  two  common  uses  for  this  feature 
of  the  program.  First  of  all,  the  program  can 
be  used  to  determine,  from  a  financial  stand- 
point, which  stands  should  be  considered  for 
immediate  cutting.  To  illustrate,  if  present 
net  worth  for  a  stand  would  be  increased 
significantly  if  the  stand  were  held  for  another 
10-year  planning  period,  considering  both  the 
value  changes  in  the  present  stand  and  the 
future  growing  opportunity,  the  manager 
would  not  want  to  program  it  for  cutting  now. 
From  an  economic  point  of  view  a  manager 
might  want  to  hold  the  stand  described  below: 


^Discounted  net  worth  is  the  computed  present  net 
value  of  the  area,  assuming  a  specified  rate  of  return. 


Present  stand  and  conversion  opportunity 

Estimated  merchantable  volume  ( 100 
cubic  feet  per  acre) 

Quality  index 
Future  timber  growing  opportunity 

Site  preparation  year  after  cutting 
(cost,  dollars  per  acre) 

Regeneration  (cost,  dollars  per  acre) 

Precommercial  thinning  21  years  after 
site  preparation  (cost,  dollars  per  acre) 

Intermediate  cut  30  years  after 
thinning  ( 100  cubic  feet  per  acre) 


alternative  1 

Alternative  2 

(cut  now) 

(cut  in  10  years) 

70 

80 

.90 

1.10 

5.00 
.00 

22.00 

25 


5.00 

.00 

22.00 

25 

14 


Quality  index  for  intornicdiate  cut 

Hai^vest  cut  30  years  after  intermediate 
cut  ( 100  cubic  feet  per  acre) 

Quality  index  for  harvest  cut 

Price  assumption 

Net  price  (dollars  per  100  cubic  feet) 

Expected  increase  in  price  per  year  (rate) 


Alternative  1 
(cut  now) 

.35 

90 
1.10 

5.00 
.005 


Alternative  2 
(cut  in  10  years) 

.35 

90 

1.10 

5.00 
.005 


Note  that  for  both  the  present  and  the  future 
stands  the  anticipated  schedule  of  investments 
and  yields  is  listed.  In  each  case  quality  of 
yield  is  indicated.^  Note  also  that  it  has  been 
assumed  that  real  wood  prices  will  increase 
slightly  in  the  future  (0.5  percent  per  year). 
The  program  provides  the  opportunity  to 
assign  current  prices  to  products  and  include 
an  estimate  of  how  prices  are  expected  to 
change  over  time. 

For  use  with  the  computer  program,  the 
data  in  the  above  tabulation  must  be  prepared 
for  computer  input.  (Instructions  for  prepar- 
ing problem  input  are  given  in  tiie  Appendix.) 

The  problem  solution  is  shown  in  figure  4. 
After  printing  the  program  input,  the  comput- 
er lists  the  discounted  net  worth  of  future 
crops.  This  listing  also  reveals  the  expected 
internal  rate  of  return  in  future  timber  grow- 
ing if  the  range  of  interest  rates  specified  in- 
cludes the  rate  at  which  present  worth  is  SO. 00. 

In  this  case  expected  internal  rate  of  return 
on  future  timber  growing  is  between  5.6  and 
5.7  percent.  It  is  between  these  rates  that 
discounted  net  worth  becomes  zero.  This  list- 
ing is  included  in  the  output  to  help  the  man- 


Thc  quality  index  is  the  ratio  of  the  estimated 
price  for  the  specific  product  to  the  average  price 
expected  for  the  product. 


ager  decide  whether  to  consider  timber  grow- 
ing on   the  area  if  investments  are  retiuired. 

The  second  listing  shows  discounted  net 
worth  for  the  present  and  future  stands.  Iliis 
listing  shows  that  present  worth  for  alternative 
2  is  still  greater  than  for  alternative  1  at  3.5 
percent  rate  of  return.  This  may  be  considered 
a  lower  rate  of  return  than  is  desirable,  but 
because  managers  in  this  area  have  so  much 
timber  in  need  of  cutting,  they  may  want  to 
hold  this  stand  and  fill  cutting  budgets  from 
stands  for  which  present  worth  was  decreasing 
with  time,  assuming  the  same  rate  of  return. 

In  addition  to  using  the  investment  analysis 
computer  program  to  check  his  judgments 
about  what  stands  to  consider  for  cutting,  the 
manager  can  also  use  the  program  to  establish 
cutting  priorities  among  stands  ready  fcjr  cut- 
ting. If  a  manager  were  not  forced  to  cut  in  a 
specific  area  to  control  the  spread  of  some 
forest  infection,  he  logically  would  cut  in 
those  areas  where  (again  considering  present 
stand  value  and  the  future  timber  growing 
op|-)ortunity )  the  greatest  contribution  to  rev- 
enue could  be  made.  Here,  again,  costs  and 
values  associated  with  both  the  present  stand 
and    the   future   stand    would    be   considered. 

The  present  stand  and  the  future  timber 
growing  opportunity  on  two  areas  ilescribed 
in  the  following  tabulation  are  used  for  illus- 
tration. 


Present  stand  and  conversion  opportunity 

Merchantable  volume  per  acre  (  100  cubic  feet 
per  acre) 


-Area  1 


74 


Area 


59 


15 


Area  1 


Area  2 


23.00 


Quality  index  .90 

Road  costs  1  year  before  logging  (dollars  per  acre)  24.00 

Sales  cost  2  years  before  logging  (dollars  per  acre)  7.00 

Future  timber  growing  opportunity 

Thinning  30  years  after  logging  on  poor  land, 
1  5  years  after  logging  on  good  land  (dollars 
per  acre) 

Intermediate  yield  45  years  after  thinning  on 
poor  land,  35  years  after  thinning  on  good 
land  ( 1 00  cubic  feet  per  acre)  

Quality  index  — 

Intermediate  cut  50  years  after  thinning  ( 100 

cubic  feet  per  acre)  25.00 

Quality  index  .35 

HaiTest  yield  80  years  after  thinning  on  poor  land, 
66  years  after  thinning  on  good  land  (  100  cubic 
feet  per  acre)  80.00 

Quality  index  .90 

Price  assumption 

Price  ( dollars  per  1 00  cubic  feet)  7.00 

Expected  increase  in  price  per  year  (rate)  .005 


.90 

22.00 

6.00 


23.00 

20.00 

.35 

30.00 
.50 

20.00 
1.40 

7.00 
.005 


The  problem  solution  is  shown  in  figure  5. 
The  computer  lists  discounted  present  worth 
of  future  crops  for  the  range  of  interest  rates 
specified.  This  listing  also  reveals  the  expected 
internal  rate  of  return  in  future  timber  grow- 
ing. In  the  case  of  area  1  it  is  between  4.8  and 
4.9  percent.  Between  these  rates,  discoiuited 
net  worth  becomes  zero.  For  area  2  the  ex- 
pected internal  rate  of  return  is  much  higher 
—  between  7.4  and  7.5  percent. 

The  second  listing  shows  the  discounted 
net  worth  of  the  present  and  future  stands. 
If,  in  ranking  stands.  3.6  percent  were  set  as 
the  point  at  which  stands  would  be  cut,  a 
manager  would  cut  area  2  in  preference  to  area 
1  because,  as  this  listing  shows,  discounted 
net  worth  is  greater  by  $2.64.  To  the  extent 
that  a  manager  could  fill  his  cutting  budget 
from  areas  like  area  2,  he  would  defer  cutting 
areas  like  area  1 . 


RANKING  STAND  IMPROVEMENT 
PROJECTS 

Investment  Analysis  Program  No.  6  can  also 
be  used  for  evaluating  timber  stand  improve- 
ment opportunities  when  the  manager  is  con- 
cerned about  cost  in  relation  to  the  margin  of 
difference  resulting  from  treatment.  For  ex- 
ample, assume  a  manager  has  a  heavily  over- 
stocked 20-year  old  stand:  if  he  did  nothing 
the  stand  would  yield  a  hai-vest  cut  of  6,000 
cubic  feet  of  merchantable  wood  (about 
30,000  board  feet)  in  100  years  (at  age  120). 
He  might  wish  to  know  what  the  advantage 
would  be  of  precommercial  thinning  and  prun- 
ing. With  precommercial  thinning  he  might 
expect  two  commercial  thinnings,  one  of 
1,200  cubic  feet  (about  5,000  board  feet)  in 
35  years  (at  age  55),  and  one  of  2,000  cubic 
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feet  (about  10,000  board  feet)  in  55  years  (at 
age  75),  and  a  harvest  cut  of  1 1,000  cubic  feet 
(70,000  board  feet)  in  80  years  (at  age  100). 


It  is  estimated  that  with  pruning  the  value  of 
the  harvest  cut  would  be  increased  65  percent. 
The  costs  and  yields  are  summarized  as  follows: 


Volume     Quality  index 

(M  bd.ft.) 


Costs  No  management 

Thinning  

Pruning  

Yields  Age 

1st  thinning  —  —  — 
2nd  thinning 

Without  pruning  —            —                 — 

With  pruning  —  —  — 
Harvest 

Without  pruning  100          30.0                 .90 

With  pruning  —            —                 — 

Basic  stumpage  price  =  $10  per  thousand  board  feet  changing  at  the  rate  of  0.5  percent  per  year. 


With  managemen 

(Dollars) 
26.00 

t 

30.00 

Year 

Volume     Quality  index 

(M  bd.ft.) 

35 

5 

0.20 

55 

10 

.80 

55 

10 

.85 

80 

70 

1.10 

80 

70 

1.75 

The  questions  the  manager  would  want 
answered  are  ( 1 )  What  will  the  additional 
merchantable  yield  resulting  from  thinning 
mean  in  terms  of  rate  of  return  —  in  other 
words,  what  would  be  the  rate  of  return  on 
the  added  expenditure  required  to  do  the 
thinning?  and  (2)  Would  the  value  that  could 
be  added  by  pruning  be  sufficient  to  justify 
the  expenditure? 

The  manager  could  work  the  problem  out 
by  hand,  or  he  could  describe  his  plans  in  such 
a  way  that  they  could  be  submitted  for  solu- 
tion by  computer.  For  example,  in  one  com- 
parison a  timber  growing  program  requiring 
thinning  only  can  be  compared  with  a  timber 
growing  program  requiring  no  cultural  work. 
A  second  comparison  can  be  made  between 
a  timber  growing  program  that  includes  both 
thinning  and  pruning  with  one  requiring  no 
cultural  work. 


Figure  6  shows  the  output  and  illustrates 
the  nature  of  the  machine  calculation.  Present 
discounted  net  worth  for  each  timber  growing 
program,  in  the  comparisons  for  the  range  of 
interest  rates  specified,  is  shown  first.  The 
program  then  computes  the  present  discounted 
net  worth  of  the  difference  due  to  the  added 
treatment  for  the  range  of  interest  rates  speci- 
fied. The  interest  rate  shown  at  the  point 
where  present  worth  of  the  difference  changes 
from  a  positive  to  a  negative  value  is  the  rate 
earned.  In  the  case  of  thinning  compared  with 
a  plan  of  management  that  did  not  include 
thinning,  the  rate  of  return  on  the  input  for 
thinning  is  between  5.2  and  5.3  percent.  The 
input  for  thinning  and  pruning  in  the  second 
comparison  would  earn  between  4.5  and  4.6 
percent  indicating  that  pruning  only  lessened 
the  financial  value  of  the  timber  growing 
opportunity. 
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APPENDIX 


INVESTMENT  ANALYSIS  PROGRAM  NO.  6 


This  program  is  a  modification  of  the  pro- 
gram prepared  originally  by  Clark  Row^  and 
later  revised  by  Robert  Marty  et  al.'°  The 
basic  changes  made  in  this  version  of  the  pro- 
gram are  as  follows: 

1.  Change  in  input  requirements  so  that 
periodic  and  annual  incomes  can  be  handled 
in  addition  to  periodic  and  annual  costs.  Cost 
items  are  identified  in  the  input  with  a  minus 
sign  (-)  preceding  the  amount  of  the  cost. 
Final  value,  treated  as  a  separate  item  in  the 
original  program,  is  handled  as  a  periodic  in- 
come in  this  version  of  the  program. 

2.  Change  in  input  requirements  so  that 
the  program  can  be  used  with  and  without 
product  evaluations.  That  is,  if  only  periodic 
costs  and  incomes  are  involved,  the  only  con- 
trol cards  needed  are  those  associated  with 
periodic  costs.  If  both  periodic  and  annual 
costs  and  incomes  are  included  in  the  problem, 
only  those  control  cards  associated  with  peri- 
odic and  annual  costs  and  incomes  are  re- 
quired. If  product  evaluations  are  included  in 
the  problem,  additional  control  cards  are 
required. 

3.  Addition  of  an  option  for  evaluating  tim- 
ber stand  replacement  priorities.  This  option 
requires  two  sets  of  control  cards:  one  set 
shows  costs  and  incomes  associated  with  the 
future  timber  growing  opportunity;  a  second 
set  shows  costs  and  incomes  associated  with 
the  present  stand  conversion  opportunity.  The 
future  timber  growing  opportunity  and  the 


'^ Row,  Clark.  Determining  forest  investment  rates 
of  return  by  electronic  computer.  U.S.  Forest  Serv. 
Res.  Pap.  SO-6,  13  pp.  1963, 


'  ^ Marty,  Robert,  Charles  Rendt,  and  John  Fedkiw. 
A  guide  for  evaluating  reforestation  and  stand  im- 
provement projects  in  timber  management  on  the 
National  Forests.  U.S.  Dep.  Agr.,  Agr.  Handbook  304, 
24  pp.  1966. 


present  stand  conversion  opportunity  are  eval- 
uated separately  and  then  together. 

4.  Addition  of  an  option  for  evaluating 
timber   stand    improvement   (TSI)   programs. 

This  option  is  used  to  evaluate  timber  stand 
improvement  program  levels  and  is  particularly 
useful  where  the  program  differences  to  be 
evaluated  affect  the  yield  in  a  complex  way. 
For  example,  the  inclusion  of  thinning  in  the 
timber  growing  program  may  affect  the  qual- 
ity, quantity,  and  timing  of  intermediate  cuts 
as  well  as  the  final  cut. 

Two  sets  of  control  cards  are  used:  one 
describes  the  minimum  program  considered, 
and  a  second  describes  the  program  with  one 
or  more  other  timber  practices  included.  Each 
of  the  programs  is  evaluated  separately  and 
then  the  effect  of  the  practices  added  is 
evaluated. 

INPUT  REQUIREMENTS  IN  BRIEF 

Up  to  15  different  cards  or  card  types 
(groups  of  repeated  cards)  are  used,  depending 
on  the  nature  of  the  problem  and  the  way  the 
program  is  being  used.  Whenever  the  program 
is  used  to  evaluate  stand  replacement  or  tim- 
ber stand  improvement  programs,  cards  or 
card  types  7  through  1 3  are  repeated  as  needed 
to  form  the  second  set  of  control  cards  men- 
tioned above. 

These  1 5  different  cards  or  card  types  may 
also  be  grouped  into  four  classes. 

CLASS  I  includes  cards  1,  2,  and  3.  These 
are  used  to  identify  the  program  user  and 
are  required  only  with  the  first  problem 
when  a  user  is  submitting  a  number  of 
problems. 

CLASS  II  includes  cards  4,  6,  and  7  (and 
5  where  used),  which  are  problem  descrip- 
tions and  general  control  cards  required 
with  every  problem. 
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CLASS  III  includes  cards  or  card  types  8, 
9,  10.  11,  12,  and  13.  These  are  used  only 
as  needed  to  enter  cost,  income,  product, 
and  price  information. 

CLASS  IV  includes  cards  14  and  15.  which 
are  problem  termination  cards.  Card  14  is 
always  required.  Card  1  5  is  required  when 
the  problem  of  another  user  is  to  be  entered. 

CONTROL  CARD  FUNCTIONS 

Class  I  Cards 

(Required  with  the  first  problem  in  each 
series  of  problems  submitted) 

Card  1.  Name  of  National  Forest  or  organi- 
zation. —  This  card,  with  cards  2  and  3,  puts 
the  name  of  the  user  and  his  organization  into 
the  computer  so  that  they  can  be  printed  on 
the  output  to  facilitate  identification  and 
handling. 

Card  2.  Name  of  unit  or  brancli. 

Card  3.  Name  of  user. 

Class  II  Cards 

(Required  for  every  problem) 

Card  4.  Number  and/or  name  of  problem 
and  number  of  descriptive  cards.  —  This  card 
puts  the  problem  identification  into  the  com- 
puter for  use  as  a  label  on  output  information. 

Card  5.  This  card  type  is  used  to  put  into 
the  computer  additional  descriptive  infor- 
mation that  the  user  wants  to  have  on  the 
output.  —  For  example,  if  two  or  more  alter- 
natives are  being  compared,  the  user  may  wish 
to  include  a  description  of  each  alternative  on 
the  computer  output. 

Card  6.  Interest  rates  and  program  and  out- 
put options.  -  This  program  utilizes  the  iter- 
ation procedure  of  calculation;  that  is,  the 
user  specifies  the  minimum  and  maximum 
interest  rates  he  will  consider,  and  the  incre- 
ment of  change  the  computer  is  to  use.  Also 
the  program  permits  three  options: 

1.  A  general  option  for  computing  internal 
rate  of  return  and  present  worth  at  speci- 
fied interest  rates. 

2.  An  option  to  evaluate  timber  stand  re- 
placement opportunities. 


3.  An  option  to  evaluate  timber  stand  im- 
provement opportunities. 

The  above  are  specified  on  the  6th  card. 

Card    7.   (iencral   problem  control  card.  — 

This  card  describes  the  details  of  the  problem 
to  the  computer.  Nine  types  of  information 
are  included  on  this  card: 

1 .  The  number  of  alternatives  or  plans  to  be 
evaluated.  The  program  will  handle  up 
to  six  alternatives  or  plans  at  once,  pro- 
vided they  utilize  the  same  program  and 
output  options  (specified  on  card  6).  This 
information  type  tells  the  computer  how 
many  alternatives  or  plans  are  included 
in  the  problem. 

2.  Numbers  identifying  each  alternative  or 
plan  to  be  evaluated. 

3.  The  time  period  (rotation)  specified  for 
each  plan. 

4.  If  product  evaluations  are  included,  the 
maximum  number  of  products  (0-3)  in 
any  alternative  or  plan  for  which  dollar 
yield  must  be  figured. 

5.  If  periodic  costs  and  incomes  are  in- 
cluded, the  maximum  number  and  tiie 
number  in  each  plan  or  alternative. 

6.  If  annual  costs  are  included,  the  maxi- 
mum number  and  the  number  in  each 
plan  or  alternative. 

7.  The  type  of  terminal  calculation  tlie  com- 
puter is  to  use  for  each  plan  or  alternative 
(that  is,  a  perpetual  series  or  a  terminat- 
ing series). 

8.  More  specific  instructions  if  the  problem 
involves  the  evaluation  of  stand  replace- 
ment or  a  comparison  of  TSl  programs. 

9.  The  number  of  sets  of  product  prices, 
if  product  evaluations  are  included  in  the 
problem,  so  that  the  problem  can  be 
repeated  under  all  the  price  assumptions 
specified. 

Class  III  Cards 

(Used  only  as  needed) 

Card  H.  Periodic  costs  and  incomes.  —  Ihis 
card  type  is  used  whenever  periodic  costs  and 
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incomes  are  included  in  any  of  the  alternatives 
or  plans  in  the  problem,  and  it  can  be  repeated 
as  many  times  as  needed  (maximum  99)  to 
include  all  periodic  costs  and  incomes.  In  order 
to  minimize  the  number  of  cards  required, 
one  periodic  cost  or  income  for  each  of  the 
six  possible  alternatives  or  plans  can  be  en- 
tered on  each  card.  A  periodic  cost  or  income 
for  alternative  or  plan  1  is  entered  first  on  the 
card,  followed  in  order  by  one  each  for  alter- 
natives or  plans  2,  3,  4,  5,  and  6. 

Card  9.  Annual  costs  and  incomes.  —  This 
card  type  is  used  whenever  annual  costs  and 
incomes  are  included  in  any  of  the  alternatives 
or  plans  in  the  problem.  One  card  is  required 
for  each  alternative  or  plan  in  which  annual 
costs  or  incomes  are  included,  and  four  annual 
costs  or  incomes  for  the  particular  alternative 
or  plan  can  be  entered  on  the  card. 

Card  10.  Product  evaluation  control  card.  — 

This  card  and  card  types  11,  12,  and  13  are 
used  only  when  product  evaluations  are  in- 
cluded in  any  of  the  alternatives  or  plans  in 
the  problem.  This  specific  card  gives  the  com- 
puter the  following  information: 

l.The  maximum  number  of  product  1 
returns  in  any  alternative  or  plan  as  well 
as  the  number  in  each  specific  alternative 
or  plan. 

2,  The  maximum  number  of  product  2 
returns  in  any  alternative  or  plan  as  well 
as  the  specific  number  in  each  alternative 
or  plan„ 

3.  The  maximum  number  of  product  3 
returns  in  any  alternative  or  plan  as  well 
as  the  specific  number  in  each  alternative 
or  plan. 

Card  11.  Product  names  and  units  of  meas- 
ure. —  This  card  gives  the  computer  the  names 
and  units  of  measure  of  each  product. 


Card  12.  Product  yields,  —  This  card  type 
is  used  to  feed  product  yield  information  into 
the  computer;  it  can  be  repeated  as  necessary 
(maximum  99)  to  include  all  yield  data.  It 
gives  the  computer  the  year  the  product  is 
harvested,  and  the  volume  and  quality  har- 
vested; the  product  is  identified  from  the 
order  in  which  the  cards  are  entered.  Product 
1  cards  are  entered  first,  followed  by  the 
cards  for  products  2  and  3,  To  minimize  the 
number  of  cards  required,  data  describing  one 
yield  for  each  of  the  six  possible  alternatives 
or  plans  is  entered  on  each  card  provided  the 
data  applies  to  the  same  product.  This  infor- 
mation is  entered  in  the  same  order  described 
for  card  type  8. 

Card  13.  Product  prices.  —  This  card  type 
is  for  feeding  product  price  information  into 
the  computer.  Each  card  contains  a  set  of 
product  prices,  one  for  each  product.  Also, 
it  gives  the  rate  at  which  each  product  price 
is  expected  to  change  with  time  (if  the  rate  is 
constant).  If  the  problem  is  to  be  evaluated 
under  a  number  of  different  price  assumptions 
(maximum  9),  this  card  can  be  repeated.  The 
number  of  times  it  will  be  repeated  is  that 
specified  in  the  last  entry  on  card  7. 

Class  IV  Cards 

(Card  14  required,  card  15  as  needed) 

Card  14.  Problem  termination  card.  —This 
card  is  required  with  every  problem.  It  tells 
the  computer  if  (1)  another  problem  by  the 
same  user  follows,  (2)  a  problem  by  another 
user  follows  (card  1 5  is  to  be  read),  or  (3)  this 
is  the  last  problem  by  this  user  and  no  other 
problems  follow. 

Card  15.  NEW  USER  card.  -  This  card  is 
used  only  when  a  problem  of  another  user 
follows.  It  signals  the  computer  to  read  cards 
1,  2,  and  3  for  the  new  user's  location  and 
identity. 
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Card 


INSTRUCTIONS  FOR  PREPARING  CONTROL  CARDS 
INVESTMENT  PROGRAM  NO.  6 


Columns 


Item 


Field        Label 


1-20  Name  of  Forest  or  organization 

1-20  Name  of  unit 

1-20  Name  of  user 

1-76  Number  and/or  name  of  problem 

79-80  Number  of  description  cards  ( when  used) 

1-80  Problem  description 

1-4  Minimum  rate  of  interest  to  be  considered 

5-8  Interest  rate  increment 

9-1  2  Maximum  rate  of  interest  to  be  considered 

13-14        Program  options 

01  =  General  evaluation  of  alternatives  — 

Computation  of  internal  rate  of  return 
and  present  worth 

02  =  Evaluation  of  stand  replacement 

alternatives 

03  =  For  TSI  planning  -  Computation  of 

internal  rate  of  return  and  present  worth 
for  programs  compared  and  differences 
between  them 

1-2  Number  of  alternatives  or  plans 

3-4  Number  identifying  alternative  or  plan  1 

5-6  Number  identifying  alternative  or  plan  2 

7-8  Number  identifying  alternative  or  plan  3 

9-10  Number  identifying  alternative  or  plan  4 

11-12  Number  identifying  alternative  or  plan  5 

13-14  Number  identifying  alternative  or  plan  6 

15-17  Time  period,  alternative  or  plan  1 

18-20  Time  period,  alternative  or  plan  2 

21-23  Time  period,  alternative  or  plan  3 

24-26  Time  period,  alternative  or  plan  4 

27-29  Time  period,  alternative  or  plan  5 

30-32  Time  period,  alternative  or  plan  6 

33-34         Maximum  number  of  products  in  any 
alternative  or  plan  (0-3) 

35-36        Maximum  number  of  periodic  costs  or 
incomes  in  any  alternative  or  plan 


NAME 


XX 

ID 

IDEN 

XX 
XX 

RINT 

XX 
XX 

JPR 

XX 

LX 

XX 

LI(L) 

XX 

XX 

XX 

XX 

XX 

XXX 

LY(L) 

XXX 

XXX 

XXX 

XXX 

XXX 

XX 

KX 

XX 

KCXX 
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Card 


Columns 


Item 


Field 

Label 

XX 

KCX(L) 

XX 

XX 

XX 

XX 

XX 

XX 

JXX 

XX 

JX(L) 

XX 

XX 

XX 

XX 

XX 

XX 

NZZ 

37-38 
39-40 
41-42 
43-44 
45-46 
47-48 
49-50 
51-52 
53-54 
55-56 
57-58 
59-60 
61-62 
63-64 


65-66 

67-68 
69-70 

71-72 


Number  of  periodic  costs  or  incomes, 
alternative  or  plan  1 

Number  of  periodic  costs  or  incomes, 
alternative  or  plan  2 

Number  of  periodic  costs  or  incomes, 
alternative  or  plan  3 

Number  of  periodic  costs  or  incomes, 
alternative  or  plan  4 

Number  of  periodic  costs  or  incomes, 
alternative  or  plan  5 

Number  of  periodic  costs  or  incomes, 
alternative  or  plan  6 

Maximum  number  of  annual  costs  or 
incomes  in  any  alternative  or  plan 

Number  of  annual  costs  or  incomes, 
alternative  or  plan  1 

Number  of  annual  costs  or  incomes, 
alternative  or  plan  2 

Number  of  annual  costs  or  incomes, 
alternative  or  plan  3 

Number  of  annual  costs  or  incomes, 
alternative  or  plan  4 

Number  of  annual  costs  or  incomes, 
alternative  or  plan  5 

Number  of  annual  costs  or  incomes, 
alternative  or  plan  6 

Type  of  terminal  calculation 

00  =  perpetual  series  for  all 

alternatives  or  plans 

01  =  terminating  series  for  at  least 

1  alternative  or  plan 

Type  of  terminal  calculation, 
alternative  or  plan  1 

00  =  perpetual  series 

01  =  terminating  series 

Type  of  terminal  calculation, 
alternative  or  plan  2 

Type  of  terminal  calculation, 
alternative  or  plan  3 

Type  of  terminal  calculation, 
alternative  or  plan  4 


XX       NZ(L) 

XX 
XX 
XX 
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Card 


Columns 


Item 


Field 


Label 


73-74         Type  of  tenniiial  calculation, 
alternative  or  plan  5 

75-76         Type  of  terminal  calculation, 
alternative  or  plan  6 

77-78         Used  only  with  program  options  2  and  3 
Option  2   01=  future  stands 
02  =  present  stands 
Option  3   01=  initial  plan 

02  =  second  TSI  plan 

79-80         Number  of  sets  of  product  prices  ( 0-9) 


XX 
XX 

XX       1ST 


XX       MX 


(This  card  is  used  where  KCXX  (columns  35-36  on  card  7)  is  greater  than  00; 
it  is  for  listing  periodic  costs  and  incomes.  One  cost  or  mcome  for  each  of  6 
alternatives  or  plans  can  be  entered  on  each  card.  Card  can  be  repeatetl  99 
times.  All  cost  items  are  preceded  by  a  minus  sign  (-).) 


1-3 
4-12 
13-15 
16-24 
25-27 
28-36 
37-39 
40-48 
49-51 
52-60 
61-63 
64-72 


Year  of/"'  cost  or  income, 
alternative  or  plan  1 

Amount  of/"'  cost  or  income, 
alternative  or  plan  1 

Year  of /'^''  cost  or  income, 
alternative  or  plan  2 

Amount  of /'^''  cost  or  income, 
alternative  or  plan  2 

Year  of /^^'  cost  or  income, 
alternative  or  plan  3 

Amount  of/"'  cost  or  income, 
alternative  or  plan  3 

Year  of  /"'  cost  or  income, 
alternative  or  plan  4 

Amount  of/"'  cost  or  income, 
alternative  or  plan  4 

Year  of/"'  cost  or  income, 
alternative  or  plan  5 

Amount  of/"'  cost  or  income, 
alternative  or  plan  5 

Year  of  /"'  cost  or  income, 
alternative  or  plan  6 

Amount  of/"'  cost  or  income, 
alternative  or  plan  6 


XXX 

xxxxxx.xx 

XXX 

xxxxxx.xx 

XXX 

xxxxxx.xx 

XXX 

xxxxxx.xx 

XXX 

xxxxxx.xx 

XXX 

xxxxxx.xx 


NC(L,KC) 
PECO(L.KC) 
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Card 


Columns 


Item 


Field 


Label 


(This  card  is  used  when  JXX  (columns  49-50  on  card  7)  is  greater  than  00;  it 
is  for  listing  annual  costs  or  incomes.  As  many  as  4  annual  costs  or  incomes 
for  an  alternative  or  plan  can  be  listed  on  1  card.  The  limit  is  1  card  for  each 
alternative.  All  cost  items  are  preceded  by  a  minus  sign  (-).) 


10 


1-3 
4-6 
7-14 
15-20 

21-23 
24-26 
27-34 
35-40 
41-43 
44-46 
47-54 
55-60 
61-63 
64-66 
67-74 
75-80 

(Cards 
puted  - 

1-2 

3-4 

5-6 

7-8 

9-10 
11-12 
13-14 


Starting  year  of  1st  annual  item 

Terminating  year  of  1st  annual  item 

Amount  of  1st  annual  item 

Change  in  1st  annual  item 
(If  change  is  a  decrease,  a  minus  sign  (-) 
precedes  the  amount) 

Starting  year  of  2nd  annual  item 

Terminating  year  of  2nd  annual  item 

Amount  of  2nd  annual  item 

Change  in  2nd  annual  item 

Starting  year  of  3rd  annual  item 

Terminating  year  of  3rd  annual  item 

Amount  of  3rd  annual  item 

Change  in  3rd  annual  item 

Starting  year  of  4th  annual  item 

Terminating  year  of  4th  annual  item 

Amount  of  4th  annual  item 

Change  in  4th  annual  item 


10,  11,  12,  and  1 3  are  used  only  when  product  values  are  to  be  com- 
-  KX  (columns  33-34  on  card  7)  is  greater  than  00.) 


XXX 

NI(J) 

XXX 

NT(J) 

xxxxx.xx 

AN(n,j) 

xx.xxx 

CAN(II,J) 

XXX 

XXX 

xxxxx.xx 

xx.xxx 

XXX 

XXX 

xxxxx.xx 

xx.xxx 

XXX 

XXX 

XXXXX.XX 

xx.xxx 

Maximum  number  of  product 
any  alternative  or  plan 

Number  of  product  1  returns, 
alternative  or  plan  1 

Number  of  product  1  returns, 
alternative  or  plan  2 

Number  of  product  1  returns, 
alternative  or  plan  3 

Number  of  product  1  returns, 
alternative  or  plan  4 

Number  of  product  1  returns, 
alternative  or  plan  5 

Number  of  product  1  returns, 
alternative  or  plan  6 


returns  in 


XX 

KIXX 

XX 

KIX(L) 

XX 

XX 

XX 

XX 

XX 
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Card 


Columns 


Item 


Field 


Label 


11 


12 


15-16 
17-18 
19-20 

23-24 
25-26 
27-28 
29-30 
31-32 
33-34 
35-36 
37-38 
39-40 
41-42 

1-20 
21-40 
41-60 

1-3 

4-8 
9-12 


Maximum  number  of  product  2  returns 
in  any  alternative  or  plan 

Number  of  product  2  returns, 
alternative  or  plan  1 

Niuiiber  of  product  2  returns, 
alternative  or  plan  2 

Number  of  product  2  returns, 
alternative  or  plan  3 

Number  of  product  2  returns, 
alternative  or  plan  4 

Number  of  product  2  returns, 
alternative  or  plan  5 

Number  of  product  2  returns, 
alternative  or  plan  6 

Maximum  number  of  product  3  returns 
in  any  alternative  or  plan 

Number  of  product  3  returns, 
alternative  or  plan  1 

Number  of  product  3  returns, 
alternative  or  plan  2 

Number  of  product  3  returns, 
alternative  or  plan  3 

Number  of  product  3  returns, 
alternative  or  plan  4 

Number  of  product  3  returns, 
alternative  or  plan  5 

Number  of  product  3  returns, 
alternative  or  plan  6 

Name  and  unit  of  measure,  product  1 

Name  and  unit  of  measure,  product  2 

Name  and  unit  of  measure,  product  3 

Year  of/"'  return.  A:''''  product, 
alternative  or  plan  1 

Volume  of/'''  yield.  A"'  product, 
alternative  or  plan  1 

Quality  index,  y'^''  yield,  k^'^  product, 
alternative  or  plan  1 


XX 

K2XX 

XX 

K2X(L) 

XX 

XX 

XX 

XX 

XX 

XX 

K3XX 

XX 

K3X(L) 

XX 

XX 

XX 

XX 

XX 

XXX        N1(L,K1) 


XXXXX^'    JL1)1(L,K1) 


XXXX''    JUALKL.Kl) 


Decimal  implied  before  last  digit  (127.3  punches  01273). 


Decimal  implied  before  3rd  digit  (1.15  punches  0115). 
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Card 


Columns 


Item 


Field 


Label 


13 


13-15 
16-20 
21-24 
25-27 
28-32 
33-36 
37-39 
40-44 
45-48 
49-51 
52-56 
57-60 
61-63 
64-68 
69-72 

(Card  12 

1-9 
10-18 
19-27 
28-36 
37-45 


Year  of /^^'  return,  k^^^  product, 
alternative  or  plan  2 

Volume  of /^^  yield,  k^^^  product, 
alternative  or  plan  2 

Quality  of  y''^'  yield,  k^^^  product, 
alternative  or  plan  2 

Year  of /^^'  return,  ^'"'  product, 
alternative  or  plan  3 

Volume  of /''^'  yield,  k^^^  product, 
alternative  or  plan  3 

Quality  of  y''^'  yield,  k^^'^  product, 
alternative  or  plan  3 

Year  of/"'  return,  A"'  product, 
alternative  or  plan  4 

Volume  of  y'^^'  return,  A:"'  product, 
alternative  or  plan  4 

Quality  of /^'^  return.  A:"'  product, 
alternative  or  plan  4 

Year  of/"'  return,  k^^^  product, 
alternative  or  plan  5 

Volume  of/"'  return,  ^"'  product, 
alternative  or  plan  5 

Quality  of/''''  return.  A''''  product, 
alternative  or  plan  5 

Year  of/"'  return.  A:"'  product, 
alternative  or  plan  6 

Volume  of/"'  return,  A."'  product, 
alternative  or  plan  6 

Quality  of/"'  return,  A."'  product, 
alternative  or  plan  6 

may  be  repeated  49  times  if  necessary  to 

/"'  unit  price  assumption,  product  1 
/"'  change  in  unit  price,  product  1 
Z'^''  unit  price  assumption,  product  2 
Z'^''  change  in  unit  price,  product  2 
/''''  unit  price  assumption,  product  3 


XXX  N2(L,K2) 

XXXXX^'  JLD2(L,K2) 

XXXX'^  JUAL2(L,K2) 

XXX  N3(L,K3) 

XXXXX''  JLD3(L,K3) 

XXXX'2  JUAL3(L,K3) 

XXX  N4(L,K4) 

XXXXX^i  JLD4(L,K4) 

XXXX^2  JUAL4(L,K4) 

XXX  N5(L,K5) 

XXXXX'^  JLD5(L,K5) 

XXXX12  JUAL5(L,K5) 

XXX  N6(L,K6) 

XXXXX'i  JLD6(L,K6) 

XXXX'2  JUAL6(L,K6) 

include  all  product  returns.) 

XXXXX.XXX  PRl(M) 

XXXXX.XXX  CPRl(M) 

XXXXX.XXX  PR2(M) 

XXXXX.XXX  CPR2(M) 

XXXXX.XXX  PR3(M) 


^  ^Decimal  implied  before  last  digit  (127.3  punches  01273). 


*  ^Decimal  implied  before  3rd  digit  (1.15  punches  0115). 
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Card 


Columns 


Item 


Field 


Label 


14 


15 


46-54         /'/' change  in  unit  |)ricL\  product  3  XXXXX.XXX       CPR3(M) 

(Card  13  may  be  repeated  8  times  if  additional  price  assumptions  are  needed.) 

1-2  TerminaKpunch  98  or  99) 

Punch  98  if  another  problem  follows 
Punch  99  if  last  problem 

1-10         NEW  FOREST  -  used  only  if  problem  that 
follows  is  from  a  new  user 


SAMPLE  PROBLEMS 

Following  are  seven  sample  problems  pre- 
pared as  input  by  a  single  user.  The  data  input 
forms  for  the  seven  problems  are  shown  in 
figures  7-13. 

Problem  1  illustrates  use  of  the  general  eval- 
uation option  with  two  alternatives  or  plans 
in  which  only  periodic  costs  and  incomes  are 
involved. 

Problem  2  again  illustrates  the  general  op- 
tion but  with  periodic  and  annual  costs  and 
incomes.  The  problem  is  treated  first  as  a 
perpetuated  series  and  second  as  a  terminat- 
ing series. 

Problem  3  is  the  same  as  problem  1  but  the 
job  of  figuring  product  yields  is  left  to  the 
computer. 

Problem  4  illustrates  use  of  the  stand  re- 
placement option.  The  problem  here  is  to 
evaluate  the  financial  advantage  of  cutting  a 
stand  now  over  holding  it  another   10  years. 

Problem  5  is  another  illustration  of  the 
stand  replacement  option,  but  this  time  two 
stands  are  compared. 

Problem  6  illustrates  use  of  the  timber  stand 
improvement  (TSl )  program  option.  Two  com- 
parisons are  made:  In  the  first  a  plan  calling 
for  no  TSl  work  is  compared  with  a  plan  in- 
cluding thinning,  and  in  the  second,  a  plan 
calling  for  no  TSl  work  is  compared  with  a 
plan  calling  for  pruning  in  addition  to  thinning. 

Problem  7  illustrates  use  of  the  program  in 
timber  sale  planning. 


A  Word  About  the  Input 

Problem  1.  Note  that  in  addition  to  user 
identification  and  problem  title  and  descrip- 
tion, only  seven  cards  are  required  —  one  card 
giving  interest  rate  and  program  and  output 
specifications,  one  card  for  general  program 
control  data,  and  five  cards  for  periodic  cost 
and  income  data. 

Problem  2.  This  problem  contains  both 
periodic  and  annual  costs  and  incomes.  It 
requires  the  same  type  of  input  as  problem  1 
except  that  nine  cards  are  required  to  enter 
all  the  periodic  cost  and  income  information 
and  two  cards  are  required  to  enter  the  annual 
costs. 

Problem  3.  This  problem  utilizes  the  prod- 
uct evaluation  option  and  requires  a  product 
option  control  card,  a  card  identifying  the 
product  and  unit  of  measure,  six  cards  to 
feed  in  product  data,  and  a  card  giving  i^rod- 
uct  price.  Note  that  the  product  control  card 
specifies  a  maximum  of  six  products,  with 
six  in  alternative  or  plan  1  and  four  in  alter- 
native or  plan  2.  Note  also  that  product  price 
is  expected  to  increase  at  the  rate  of  .005  per- 
cent per  year. 

Problem  4.  This  problem,  which  utilizes 
the  stand  replacement  option,  requires  one 
set  of  cards  describing  the  future  timber  grow- 
ing opportunity  and  a  second  set  describing 
tile  present  stand  conversion  opjiortunity.  In 
this  problem,  which  is  to  evaluate  the  financial 
advantage  of  cutting  a  stand  now  or  holding 
it  another  10  years,  the  future  timber  growing 
opportunity    is   assumed    to   be   the   same   in 
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both  cases.  The  second  set  of  cards  (beginning 
with  card  or  card  type  6  in  the  classification 
given  earher)  contains  the  cost  and  income 
data  for  the  present  crop.  In  this  problem  it 
is  assumed  that  all  development  is  accom- 
plished, so  only  the  product  evaluation  option 
is  utilized  in  the  second  card  set.  Note  that  in 
this  problem  the  future  timber  growing  oppor- 
tunity is  evaluated  as  a  perpetual  series,  where- 
as the  present  stand  conversion  opportunity 
is  terminated. 

Problem  5,  In  this  problem  (stand  replace- 
ment) two  areas  are  compared  to  see  which 
offers  the  best  stand  conversion  and  timber 
growing  opportunity.  One  is  a  relatively  poor 
piece  of  land  supporting  a  stand  that  contains 
7,400  cubic  feet  of  usable  wood.  The  other  is 
an  area  of  good  land  supporting  a  highly  de- 
fective overmature  stand  of  less  usable  volume. 

Problem  6.  This  problem  looks  into  a  TSI 
program.  In  this  problem  even  if  the  manager 
does  nothing  in  the  way  of  cultural  work  he 
expects  a  certain  result.  He  could  thin,  but  he 
needs  to  know  what  the  result  would  be  in 
terms  of  return  on  the  thinning  investment. 
Or,  he  could  thin  and  prune.  Under  alternative 
or  plan  1,  thinning  is  compared  with  no  cul- 
tural work.  Under  alternative  or  plan  2,  a 
program  of  thinning  and  pruning  is  compared 
with  a  program  involving  no  cultural  work. 
Again,  two  card  sets  are  required,  one  for  each 


set  of  management  assumptions  being  com- 
pared  under   the   two   alternatives  or  plans. 

Problem  7.  This  problem  is  a  comparison 
of  four  timber  growing  alternatives  on  a  pro- 
posed sale  area  made  in  conjunction  with 
silvicultural  planning  for  the  area.  The  pro- 
posed sale  is  on  a  good  site  capable  of  produc- 
ing a  harvest  yield  of  35,000  board  feet  per 
acre  in  55  years  or  70,000  board  feet  in  85 
years  with  stocking  control.  Comparisons  are 
made  using  both  55-  and  85-year  rotations. 

Plan  1.  Leave  one  seed  tree  group  averaging 
one-fourth  acre  in  size  and  containing  10 
Mbf  for  every  5  acres  cut.  Seed  tree  losses  in 
slash  disposal  and  site  preparation  are  ex- 
pected to  be  20  percent.  The  per-acre  cost 
of  added  work  required  to  protect  seed 
trees  in  slash  disposal  and  site  preparation 
is  estimated  to  be  $10.00. 

Plan  2.  Clearcut  and  plant  following  slash 
disposal,  with  planting  expected  to  be  nec- 
essary on  half  the  area. 

Plan  3.  Clearcut  with  natural  regeneration. 
This  plan  assumes  a  good  seed  year  prior 
to  cutting. 

Plan  4.  Clearcut  and  seed,  with  seeding  ex- 
pected to  be  necessary  on  half  the  area. 

The  costs  used  in  this  problem  are  shown  in 
table  5.  The  yields  expected  are  shown  in 
table  6. 


Table  5.  —  Average  costs  per  acre  for  the  problem  area  as  a  whole 
according  to  activity  and  plan 


Activity 


Plan  1 


Plan  2 


Plans 


Plan  4 


Site  preparation 

10.00 

Value  of  seed  trees 

20.00 

Cost  of  seed  tree  salvage  sale 

.40 

Cost  of  seed  tree  sale 

4.00 

Planting 

19.00 

Seeding 

9.00 

Thinning 

25.00 

15.00 

25.00 

22.00 

Stage  2  surveys 

.50 

.50 

.50 

.50 
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Table  6.  —  Expected  yields  per  acre  according  to  type  of  cut  and  plan 


Type  of  cut 

Plan  1 

Plan  2 

Plans 

Plan  4 

TTiniivnyirl  Hyinw/i  f/yot 

Seed  tree  salvage 

.4 

Seed  tree  harvest 

1.6 

Harvest  at  age  55 

28.0 

35.0 

31.0 

31.0 

Intermediate  cut  at  age 

50 

8.0 

10.0 

9.0 

9.0 

Harvest  cut  at  age  85 

65.0 

70.0 

68.0 

68.0 

35 


u 

< 
0 

c 

-    - 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

0 

K 
B 
S 

D 
Z 

0 

- 

5 

- 
- 
- 

[    ~ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

0 

z 

< 

K 
0 
0 

a 

L 

C 

I    - 

- 

-- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

2 

> 

^    - 

- 

Vj 

- 

- 

- 

- 

- 

- 

- 

_ 

- 

- 

- 

- 

0 

1- 

Z 
0 

H 
E 
(ft 
0 
0 

I 

D 

- 

Q 

§ 

1 

0 
0 

- 

- 

- 

- 

- 

- 

— 
■ 

- 

- 

- 

- 

- 

0 

3 

-       —1 

- 

- 

O 

0 

H 

a 

M 

IS 
< 

^- 

H 

< 

- 

0 
0 

5 

0 

5 

0 

- 

- 

- 

- 

- 

- 

- 

- 

- 

0 

5 
? 

^ 

1 

7 
'S 

<. 

_ 

-*• 
— 

I 

Uj 

o 
g 

1 

1 

2 

5 
1^ 

1 

Q 

Q 

o 

N 

1 

O 

3 
0 

i 

c 

0 
0 

5 

Q 

Q 

N 

i 

o 

0 

a 
9^ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

•r 

z 

D 

si 

IS 

z 

0 

3^ 

-    1 

:3 

<5 

_ 

"5 

U] 
J 

5 
1 

s 

a. 

Q 
o 

o 
c 

O 

N 

o 

Q 

T 

0 
0 

■in 
n 

Ci 

■5: 

rr 

- 

- 

- 

- 

- 

- 

-^ 

W  0 

£  0 

-<^<r)-».o          -orstooo         -~n^./i          oi^ajo-o         -r.ii->-»,n 

36 


<"I 


C 


0 

D 
Z 
O 

0 

I 

< 
a 

0 
0 

z 

2 
0 

0 

0 

z 

<% 

si 

l§ 

1      ^ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

o 

1 

:5 

[    I 
'-    - 

- 

- 

- 

0 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

—i 

- 

- 

•o 

- 

- 

- 

- 

i 
5 

- 

- 

- 

- 

- 

_ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

-i 

- 

1 

o 

;   < 

-  5 

" 

[ 

-^ 

- 

0 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

H 

- 

- 

- 

: 

~" 

- 

- 

s 

- 

- 

% 

? 

:; 
;? 
;:: 

- 

i 

S 
: 

£ 

; 

r 
I 

: 
- 

- 

Z 
0 

L 

'-    5 

- 

T 
- 

0" 

0- 
Q 

f      ~ 

~ 

- 

- 

- 

- 

- 

: 

- 

- 

- 

-1 

c 

- 

5      2 

3 
u 

■a 

s 

Gj 

111 
M 

a. 

0 

- 

- 

- 

- 

— 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

c 

- 

i    a 

-      1 
z 

'       CO 

:    ^ 

a 

< 

o 
\- 

UJ 

a. 

1 
1 

fc 

«a 

2 
u 

t- 

T 

1 

- 
0 

I 

0 

i 

2 

Q 
V 

n 

<3 

— 

J 

o 

0 

o 
Q 
0 

5 

o 

0 

0 
0 

c 

0 

0 

o 

0 

o 
o 

Q 

^ 

^ 

2 

I 

- 

- 

- 

- 

- 

- 

-\ 

- 

"     < 
1    ^ 
:     1 

-     ^ 

7 

< 

: 

a. 

J 

0 

5 
5 

- 

FT 
T 

Q 

1 

0 
j_ 

1 
0 

i 

T 

-J 

n 

T 

OC 

0 
0 

0 

rn 
ir 

c 

•r 

o 
0 

OS 

Q 
1 

c 

Q 
O 
o 

i 

c 

c 

c 

- 

- 

- 

- 

- 

-~ 

■o 

-     O 

'    o 

'     o 

~    o 

■o 

■^                \-' 

—          fs.<-)-*k/-i            -or^oDi-^0~f^n"*u-)ot^ooOO           —           <^'^^w-' 

- 

37 


o 


a 


bo 


< 

0 

c 
□ 

:  5 

- 

- 

5 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

o 

o 
z 

D 
Z 
D 
0 

- 

a 

- 
- 

- 

- 

- 

:  1 

"    Pi 
"    :5 

- 

- 

- 

- 

- 

- 

- 

~ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

~ 

- 

- 

2 

- 

- 

o 

J 

2 
< 
S 
0 
0 
a 

0. 

s 

u 

:  1 

S 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

: 

- 

- 

- 

- 

s 

lJ-< 

2 

c 

:    a 

it 

I 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

~ 

— 

- 
_ 

- 

- 

- 

- 

s 

Z 

0 

*- 
0. 
K 
U 

o 

0 
0 

? 

- 

- 

— 

- 

- 

- 

- 

- 

- 

-A 

- 

- 

- 

— 
— 

— 

- 

- 

- 

o 

1      ^ 

■   Q 

- 

- 

^ 
^ 

0 
0 

- 

- 

o 
c 

0 

0 

0 

C 

- 

- 

- 

- 

- 

- 

- 

- 

o 

L      9 
a 

3 

5 

0 

o 

Q 

I 

0 

0 
Z 
D 
0 

0 

N 

O 
<1 

- 

u 

1 

c 

c 

0 

0 

1 

D 
O 

N 

0 
0 
0 

PO 

0 

9 

- 

- 

- 

- 

- 

- 

- 

o 

z 

2- 

si 

18 

z 

0 

a. 

3  5 

1     y 

li 

1 

< 

i 

O 

c 

I 

Q 
<3 

T 

0 

1 
8 

Q 
0 
Ol 

\      c 

(k     c 

oc      tN 

1  ^ 

0 
0 

Q 

(<■ 

c 
c 

Q 
o 
o 

T 

0 

o 

c 

0 

o 

0 

Q 
Q 

o 
o 

d 

a- 

- 

- 

- 

- 

- 

- 

-« 

U    0 

Z   0 
3    2 

-r«o-».0<;rvoooo-c-r->-«./^<;^ooo-0-~ri-«m 

-o 


38 


c 


be 


< 
o 

z 
0 

0?. 

- 

- 

_ 

- 

- 

- 

- 

- 

- 

o 

rJ 
2 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

o 

- 

o 

I 

3 

z 
o 
0 

- 

O 

1 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

_ 

O 

0 

o 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

c 

- 

2 

6 

a 
a 

3 

> 

- 

o 

- 

- 

5: 

I 

- 

- 

- 

- 

- 

- 

1 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

^ 
^ 

- 

o 

^    -, 

— 

IS 

- 

- 

- 

- 

- 

- 

- 

- 

E 

- 

- 

- 

- 

c 

I 

0 
1 

0 
0 

1 

_ 

'- 

o 

3 

1 
1 

M 

- 

- 

V6 

1 

- 

0 
0 
0 

- 

- 

- 

— 

- 

o 

-__ 

- 

- 

- 

- 

- 

— 

-: 

r 

o 

5 

_ 

: 
< 

— 

-J 

- 

0 

_ 

to 

0 
0 

c 

0 

- 

~ 

- 

0 
0 

- 

- 

- 

- 

-; 

\ 

^ 

1^ 

T    -^ 

^        1 

^     UJ 

i 

Q 

5 

0 

o 

O 

c 

: 

li. 
D 

0 
T 

o 

0 
en 

o 
g 

c 
c 

OS 

o 

* 

0 
0 

o 
0 

1^ 

L, 

o 

1 

c 

Q 
oc 
C 

o 

0- 

0 

- 

- 

- 

- 

- 

-- 

r 

<l 

si 
l§ 

- 

^ 

-> 
) 

< 
4. 

t 

-J 
a. 

^ 

o 

1 

o 

3 

M 
O 

^ 

£ 

0 
Q 

1 

0 
(M 

N 
O 

1 
5 

i 
1 

o 

o 

o 

0 

o 
o 

1 

M 

< 

V5 

c 

o 

Q 
q 

- 

- 

-; 

-   -o 

r^ 

~     O 
'      O 

—             ("•.(->■*«->               C             •                aoOO              —             •-^■-I'W'^O'^ooOO              —             '^'^•*»0 

= 

39 


< 

0 

z 

0 

0  ' 

- 

- 

- 

- 

0 

- 

- 

- 

- 

- 

- 

0 

9 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

o 

D 
Z 

0 

o 

1 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

0 
1 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

_5 

s 

< 

0 
0 

s 

Q 

2 
< 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

o 

3 

> 

o 

§     . 

5 

< 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

T 

z 

0 

k- 

0 
0 

1 

2 

< 
0- 

o 

1 

F 
2 
u 

S 

LU 

< 

Q 

i 

i 

- 

1 

~~ 

- 

CM 
0 

i 

- 

- 

— 

- 

- 

- 

- 

o 

o 

< 

a 
(11 

< 

X 

< 
^   _ 

o 
9    _ 

- 

0 

OS 

- 

- 

s 

Q 
"3: 

- 

0 

- 

- 

- 

- 

o 

1 

1 

i 

X 
H 

I 
\^ 

•si 

1 

g 

T 

3 

N 

Q 

N 
1 

- 

u. 
1 

0 
Q 

Q 

0 
Q 

o 

3 

8 

0 

1 

0 

o 

N 

r 

0 
0 
(3 

- 

u. 
0 

0 
0- 

5 

- 

- 

- 

- 

- 

- 

o 

z 

si 

IS 

u^ 

i 

J 

_J 

< 
-J 

O 
Q 

O 

s: 

Q 
CO 

vri 

Q 

N 

0 

1 

a 
a 

H 

1 

0 

1 

5 

o 
Q 

N 

I 

Q 

c 

N 

0 

o 

N 

5^ 

5 
c 

1 
■s. 

H 

0 

5 

- 

- 

- 

- 

-o 

.i    l(. 

1 — I — I — I — I. .  _i.._T — r,. .. ~.  .~.,.'^    "^    '^    '^...r... 

-o 


40 


^ 


<"j 


.bo 


- 

- 

- 

0 

- 

- 

- 

- 

0 

-       - 

- 

- 

- 

- 

- 

- 

- 

-      - 

-          - 

- 

-:- 

; 

— 

N 

; 

0 

0 

_ 

_ 

_      _ 

_ 

_ 

„ 

,  _ '-_ 

1      - 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

-       - 

- 

- 

- 

-  T 

Q 

^ 

- 

- 

- 

: 

- 

: 

: 

- 

- 

_ 

: 

- 

- 

_ 

_ 

- 

_ 

_ 

- 

- 

— 

- 

— 

"^ 

o 

P 

a 

r 

~ 

_1 

S 

s 

— 

— 

-^ 

D 
Z 

0 

Si 

_ 

_ 

_ 

_ 

_'±. 

a 

3 

_ 

— 

<■ 

- 

- 

- 

0 

5 

- 

- 

- 

- 

- 

- 

- 

— 

— 

— 

— 

— 

— 

- 

— 

_]         ... 

~~ 

- 

< 

z 

< 

E 

^ 

— 

— 

— 

— 

~ 

— 

— 

~ 

~ 

^ 

— 

~ 

~ 

" 

~~ 

" 

~ 

I 

J 

'i 

0 

t^ 

~r 

Q. 

s      " 

~ 

h 

" 

-j         -H         ^ 

J 

l/> 

■2 

^     . 

i      _ 

- 

IL 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

-S- 

T        ~ 

— 



~ 

— 

~ 

— 

— 

~ 

~ 

^ 

~ 

~ 

I 

I 

I 

I 

I 

I 

I 

_ 

_ 

_  — 

Z 

1    -\   - 

^       _ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

— 

- 

— 

— 

- 

J- 

i/i 

^ 

u-> 

s      _     _ 

u 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

-      - 

- 

- 

- 

- 

_a 

1  ^  d 

d 

-7 

- 

— 

— 

- 

- 

- 

- 

— 

- 

J 

-J 

- 

J 

- 

- 

-I- 

^    «    w 

— 

— 

— 

— 

— 

— 

— 

— 

' 

— ' 

— 

~^ 

— 

~ 

~? 

i    ^   ^ 

a 

. 

_^ 

-    ^ 

H : 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

5_ 

'  -i  b 

^   - 

_ 

_ 

_ 

_ 







_ 

-- 

;      Oi     < 

1- 

£    ^    y 

"^ 

N 

J     _ 

'J  -I 

5     S 

OL 

3 

0 

J     - 

_ 

_ 

_ 





—1       —  3" 

^     <^ 

t 

3 

- 

- 

- 

^ 

- 

-     - 

- 

- 

- 

- 

- 

-1         - 

-1        -J 

s     ^ 

^ 

■2    _ 

'^ 

_      _ 

_ 

_ 

_ 

_ 

_       _fL 

£ 

2 

^ 

Q 

— 

?     re 

Cl 

— 

— 

s     t: 

X 

0 

Q 

L 

s     H 

h 

0 

" 

^     5 

H 

t 

~ 

o 

1 

< 

0 

-     -2 

s     ^ 

^i 

^ 

?L 

K      H 

7 

2 

n 

s     b 

h 

H 

s 

s    a 

2 

2 

(C 

2 
0 

1    ^ 

1 

■z 
H 

- 

- 

_ 

- 

2 
^ 

- 

^ 
« 

It 

_ 

- 

- 

- 

- 

- 

- 

^ 

0 

1- 

1 

- 

- 

- 

- 

- 

- 

vj 

<i 

- 

- 

= 

- 

- 

- 

- 

- 

-         - 

-f 

s     ^- 

c 

<; 

C 

rJ 

m 

0 

c 

C 

s 

0 
0 

-      i. 

U 

UJ 

c 

<] 

<x 

1 

1 

Ui 

c 

c 

) 

<>- 

-1 

5          1 

c 

~ 

tC 

c 

c 

_ 

- 

- 

I      _ 

- 

- 

- 

-         - 

-^ 

-      a 

1     c^ 

Qj     - 

C 

c 

oc 

1     ^ 

^ 

-      J 

^ 

3. 

\     5 

\    - 

C 

C 

c 

0 

b 

u- 

Q 

^ 

-    C 

4 

« 

^ 

- 

- 

u 
a 

3 

C 

^ 

5 

_ 

_ 

c 

_ 

u 

3 

IT 

0 
<5 

IT 

5 

og    ^ 

Q     _ 

)      _ 

- 

- 

- 

— 

- 

-^ 

D 

=    a 

I 

vr 

1 

<J 

C 

> 

1 

Ir 

% 

— 

- 

o 

- 

^. 

I     - 

1 

. 

9 

"      u 

Q 

nS 

cv 

1 

^  5 

"^         -• 

I    t 

i  ^ 

:        ^ 

a 

c 

)    c 

) 

N 

u 

^ 

C 

Q.     < 

:":  ^  j^-i 

<s 

-     a 

,    «i 

q     < 

!     5 

a 

c 

\   0 

i 

cc 

Vr 

^ 

Q     C 

"" 

<f? 

-=    a 

. 

J     - 

i    <. 

i    v\ 

1  - 

■    : 

:   "^ 

1 

^ 

rr 

; 

- 

1^ 

Q 

si 

z 
0 

I     - 

:    9 

:  c 

■   I 

V- 

\   1 

1    _ 

< 

j    c 

> 

Q 
c 

f 

t 

3^ 

) 

-|         .      ^      -.      - 

-~ 

(J 

a. 
0  j 

1 
-    ^ 

5      - 

-     - 

^ 

)      N      - 

;  •Q_c 

1     <3 

:    < 

1    - 

J 

3        C 

C 

ir 
C 

' 

z 

—           r>t          rt          •>*           \rt           -Ofvaaoo           —           rwr->'W<^           ■or^ooO'O           —           (xf^-Wy-i 

^ 

—      ■    o 


41 


t^ 

c 


o 


e 


^ 


.bo 


s 

R 

^    ^ 

- 

- 

- 

- 

- 

£ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

_s 

-^ 

r- 

p; 

S 

S 

t- 

^ 

;t 

0 

r- 

1    - 

m 

U. 

< 

- 

- 

0 

- 

- 

- 

- 

— 

- 

— 

- 

— 

- 

— 

- 

- 

- 

- 

- 

- 

-i- 

s 

«c 

1 

<i 

O 

£ 

■■ 

^ 

^ 

0 

5 

z 

3 

7. 

3 

— 

S 

3 

Z 

K} 

"^ 

1- 

c 

0 

-« 

B 
0 

3 

■^ 

<1 

J 

— 

3 

-t 

■ 

-\ 

2 

1 

<r 

n 

u^ 

— 

T 

N^ 

5 

— 

— 

— 

— 

— 

- 

— 

— 

— 

— 

— 

— 

— 

— 

— 

~  ~ 

- 

-    ^ 

Uj 
5? 

Uj 

Ul 

^ 

- 

5 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

~o 

1 

< 

•£ 

U 

u 

< 

•0 

:3 

= 

V. 

■t 

.J 

C^ 

o 

0 
0 

2 

■    ^ 

< 

^ 

3 

^ 

Q. 

5 

^ 

z 

UJ 

5 

- 

- 

- 

- 

- 

~ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

•^ 

- 

.    ^ 

t^ 

^ 
^ 

Ul 

Q 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

" 

-l 

^ 

<< 

I 

? 

c^ 

' 

t 

1 

J 

;;; 

I 

Ui 

lu 

1 

J 

<I 

s 

►- 

1/ 

V. 

tki 

< 

J 

&/ 

;? 

C 

U 

Hi 

Jj 

ti 

S 

■• 

"     ^ 

tu 

^ 

}- 

" 

— 

_ 

~ 

~ 

~ 

~ 

~ 

~ 

~ 

~" 

o- 

c 

'       1 

Q 

< 

^ 

~ 

~ 

o 

0 

o 

o 

~ 

~ 

~ 

a 

~ 

~W 

Uj 

V- 

? 

0 

u^ 

^ 

^5 

~ 

s 

~ 

:; 

1 

m 

uJ 

o 

. 

. 

. 

> 

■o- 

■  5 

^ 

o 

1 
< 

- 

■^ 

<5- 

\_ 

1 

w 
^ 

- 

- 

- 

0 

- 

-^ 

~j 

; 

•:> 

u. 

< 

ul 

~ 

o 

~ 

~ 

T 

— 

~ 

~ 

"~ 

' 

T 

^ 

-S 

tc 

Q 

£ 

~ 

ff\ 

~ 

~ 

" 

~ 

(V 

~ 

"" 

s- 

■« 

V. 

J 

4 

'4 

(;) 

■«■ 

C 
• 

;  1 

< 

4 

UJ 

- 

o 

- 

-* 

\Ji 

- 

- 

^Ji 

- 

- 

- 

o 

1" 

:  ^ 

2 

i; 

- 

h 
^ 

0 

8 

a 

^ 

- 

d 

- 

- 

— 

-^ 

;     W 

a 

:5 

t- 

0 

<3 

Xi 

~ 

~ 

^ 

~ 

~~ 

-o 

y: 

3 

u. 

- 

0 

i^ 

0 

- 

- 

- 

t 

- 

— 

~A 

Vij 

^ 

-) 

3 

^ 

I 

r 

G^ 

~ 

■ 

' 

~ 

~ 

~  ^ 

'      Vb 

'3 

< 

tc 

^( 

0 

S 

^     ^ 

H 

^- 

1 

— . 

;:; 

c 

V 

7 

Oi 

a 

n 

o 

<; 

< 

2 

Uj 

_j 

K 

-I 
a 

^ 

Ul 

- 

- 

~ 

^ 

^ 

- 

J 

- 

G^ 

- 

- 

-S- 

i     ^ 

c 

a 

3 
?3 

o 

- 

*5 

0 

n 

5 

- 

- 

- 

n 

- 

- 

-s- 

2 
0 

1     ^ 
1     Ul 

< 

^ 
< 

- 

<3 

s 

1 

0 

- 

- 

0 

- 

- 

-l 

:     «(; 

U\ 

• 

> 

* 

« 

r^ 

u 
u 

0 

^     J? 

UJ 

V- 

\- 

V- 

0 

<:r 

1 

1 

us 

~ 

~ 

~~ 

~ 

";; 

i       M 

UI 

o 

"3 

D 

ir 

0 

o 

0 

:      i- 

CM 

o 

V 

y 

u> 

1 

1 

'.n 

e: 

p. 

0 

IfS 

■  ^' 

:      it 

qZ 

^ 

C 

— 

- 

— 

- 

- 

Ci 

-- 

i     f 

o 

UJ 

4 

UJ 

^ 

»ij 

§ 

pj 

^ 

Ip 

- 

- 

\i^ 

- 

Q 

-i- 

UJ 

J 

-J 

J 

— 

^ 

0 

^ 

~" 

In 

» 

z 

1 

1 
1 

1 

1 

e 
^ 

- 

d 

0 

^ 

c 
c 

^ 

O 

0 

o 

o 
o 

o 

0 
0 

- 

00 

a 

C 
O 

- 

—  r- 

i' 

12 

N 

"2 

^ 

^ 

■z 

s 

M 

T 

T 

"* 

T 

1^ 

o 

^ 

^ 

-c 

s 

o 

5 

«? 

•< 

<t 

< 

0 

<3 

\ 

( 

t 

c 

en 

<r 

n 

~  ~ 

22 

1    ^ 

-1 
a. 

-J 

Q 

O 

- 

- 

- 

5 

- 

^ 

Q 

-T 

5z 
Zq 

2 
0 

1     1 
1 

- 

- 

- 

O 

^ 

<) 

<1 

- 

N 

Q 

•i 

In 

m 
o 

2 

- 

O 

Vn 

— 

-^ 

(L 

r     5    - 

o 

"I 

Q 

Q 

Q 

0 

— 

<Xl 

< 

c 

^ 

00 

r. 

u 

0  J 

1 

C 

{) 

O 

9 

^1 

0 

O 

o 

0 

c 

o 

«j 

<5- 

- 

r  0 

_         r.         o 

-*          irt           -o 

K 

o        o 

r-,           ^ 

•o 

rv 

o-         o         -         ~         o         ■«         in 

-'  ^ 

~ 

~ 

"            ~ 

~ 

- 

- 

- 

42 


< 

0 
0 

s 

D 

z 

B 
0 

2 
< 
B 
0 
0 
a 

I 

>■ 

z 

0 
0 

I- 

<l 

si 
l§ 

z 

0 
a. 

Q  J 

p- 

^    - 

- 

0 

c 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

c 

- 

c 

i 

;      - 

- 

i 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

— 1 

- 

.r 

l_ 

c 

:  ^ 

I 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

~  I 

\ 

c 

-  > 

H 

— 

tn 

?1 

<> 
I 

0 
In 

t 

T 

5 
2 

- 

- 

- 

- 

i 

— 

- 

- 

_ 

— 

-J 

- 

-I 

I 

c 

-    5 

1 

Q 

I 

0 

T 

- 

- 

- 

- 

(a 
Co 

i 

0- 
Q 

' 

- 

- 

- 

- 

~\ 

'i_ 

1 1 

—\ 

to 

T 

T 

3 
fi 

R 

- 

- 

_ 

— 1 

0 

o 

0 
o 
0 

- 

- 

- 

- 

- 

-\ 

\ 

^ 

i     5 

0 

0 

o 

0 

o 

5 

T 

Q 

o 

0 

C 
^ 

-J 
6 

- 

0 
0 

0 
0 

0 

o 

1^ 

^ 
^ 

In 

i 

- 

- 

- 

- 

-      -; 

\ 

E    3 
-   ^ 

0 

^     T 

c    Z 
i  G 
c   o 

N 
1 

c 

> 

1 

Q 
0 

Q 
o 

I 
6 

T 

ol 
O 

■5 

<3 

3. 

y 

V- 

1 

o 

5 

5 

o 

00 

o 

o 

0 

■ 

- 

- 

-    -; 

r 

il  Q 

I   0 

—            <N.n"*»0             ■Or^oDO-O             —            t^i-i"W»^0»v«00            —            r*r>^tO 

43 


A  Word  About  the  Output 

The  computer  output  for  the  seven  prob- 
lems is  shown  in  figures  14-20.  Note  that  all 
the  input  is  printed  on  the  output.  Control 
cards  6  and  7,  and  1 1  when  used,  are  labeled 
along  with  the  information  they  contain.  This 
is  to  facilitate  the  search  for  errors  in  input 
should  any  occur.  Thus,  when  KX  (control 
card  7)  is  greater  than  0,  product  evaluations 
are  to  be  made.  If  KX  is  0  and  product  control 
cards  are  included  in  the  problem,  an  error 
message  results  and  the  computer  aborts  the 
problem. 

When  KCXX  (control  card  7)  is  greater  than 
0,  periodic  costs  and  incomes  are  read.  The 
number  under  each  of  the  six  KCX's  indicates 
the  number  of  periodic  costs  and  incomes 
included  in  each  of  the  six  alternatives  or 
plans  that  can  be  read  simultaneously. 

When  JXX  (control  card  7)  is  greater  than 
0,  annual  costs  and  incomes  are  read.  The 
number  under  each  of  the  six  JX's  indicates 
the  number  of  annual  costs  and  incomes  to  be 
read  in  each  of  the  six  possible  alternatives  or 
plans. 

When  NZZ  is  greater  than  0  (it  will  be 
either  0  or  1),  at  least  one  of  the  alternatives 
or  plans  is  to  be  treated  as  a  terminated  series. 
A  0  or  1  under  the  JX's  indicates  how  each  of 
the  six  possible  alternatives  or  plans  is  to  be 
evaluated: 

0  =  perpetual  series 

1  =  terminated  series 

The  1ST  is  used  only  with  program  options 
2  and  3  to  indicate  which  evaluation  is  to  be 
made.  It  is  coded  1  on  the  first  card  set,  and  2 
on  the  second. 

When  KX  is  greater  than  0,  MX  (control 
card  7)  must  also  be  greater  than  0.  MX  indi- 
cates the  number  of  price  assumptions  to  be 
read.  If  MX  is  2,  there  must  be  two  cards  of 
card  type  13. 

General  option  output.  —  The  internal  rate 
of  return  and  present  discounted  net  worth 


are  given  for  the  range  of  interest  rates  speci- 
fied on  control  card  6. 

Stand  replacement  option.  —  The  output  for 
this  option  first  gives  present  discounted  net 
worth  for  the  future  timber  growing  oppor- 
tunity for  the  range  of  interest  rates  specified. 
Internal  rate  of  return  can  be  read  from  this. 
For  problem  4,  it  is  between  5.6  and  5.7  per- 
cent. For  problem  5,  it  is  between  4.8  and  4.9 
percent  for  alternative  or  plan  1  and  between 

7.4  and  7.5  percent  for  alternative  or  plan  2. 

Second,  the  output  gives  present  discounted 
net  worth  for  the  future  timber  growing  plan 
and  present  stand  conversion  plan  combined. 
In  interpreting  this  information,  the  user  must 
specify  the  minimum  acceptable  return.  If  a 

3.5  percent  return  is  acceptable,  in  the  case  of 
problem  4  the  manager  would  be  financially 
ahead  (present  discounted  net  worth  is  greater) 
to  hold  the  stand  for  another  10  years  because 
present  worth  is  greater  under  this  plan.  In  the 
case  of  problem  5,  if  3.6  percent  return  was 
acceptable  it  would  be  financially  advanta- 
geous to  cut  the  poor  stand  on  the  better  land. 

TSI  option.  —  The  output  for  this  option 
includes  the  present  discounted  net  worth  for 
the  two  TSI  plans  compared  under  each  of  the 
six  possible  alternatives  or  plan  comparisons. 
In  addition  it  gives  the  present  discounted  net 
worth  due  to  the  difference  between  the  plans 
compared.  In  the  case  of  thinning  compared 
with  no  cultural  work,  the  internal  rate  of 
return  for  the  thinning  investment  is  between 
5.2  and  5.3  percent.  In  the  case  of  a  program 
of  thinning  and  pruning,  internal  rate  of  return 
on  investment  is  between  4.5  and  4.6  percent 
indicating  that  pruning  only  lessened  the  fi- 
nancial opportunity. 

Problem  7.  It  is  obvious  from  this  analysis 
that  there  is  no  financial  advantage  in  leaving 
seed  trees  (plan  1).  The  calculations  suggest 
the  manager  should  evaluate  closely  seed  pro- 
duction on  the  area  prior  to  cutting.  For 
obvious  reasons  he  could  not  wait  to  see  what 
the  seed  crop  was  likely  to  be  before  planning 
for  future  timber  growing.  However,  financing 
for  timber  growing  could  be  planned  on  the 
basis  of  plan  4  or  plan  2. 
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Fii^iire  14.  -  Computer  output,  Frohleni  1. 


Investment  analysis  program  no. 6,     int.  sta. 

PROBLEM  no.     1--SAMPLE  PROBLEM  -PERIODIC  COSTS  aNP  INCOMES — 


PLAN  1  — 113  YEAR  ROTATION 
PLAN  2 — 100  YEAR  ROTATION 

GENERAL  EVALUATION  OF  ALTERNATIVES 

«INT   RlNT   PINT  JPR 
CONTROL  CARD  6     .020   .001   .0*0    1 

LX   LI   LI   LI   LI   Ll   LI     LY    lY    LY    LY    LY    LY   KX  KCXX  KCX  KCX 
CONTROL  CARD  7    2    12    0    0    0    0   113   100     0     0     0     00     5SS 

JXX       JX      JX       JX       JX       JX       JX    NZZ      nZ      nZ       NZ      NZ      NZ      nZ     1ST       MX 
CONTROL    CARD    70000000000000000 


ROTATION    lENGTH    IN    YEARS 


1  2 

113  100 


PERIODIC  COSTS  AND  INCOMES 

YEAR  COST  YEAR  COST        YEAR       COST        YEAR       COST       YEAR 

0  -3.00  0  -11.00 

1  -15.00  1  -25.00 
Ifl  -35.00  16  -20.00 
60  R7.20  60  U5.80 

113  4S6.00  100  414.00 


PROBi  Em  no.  1--SAMPlF  PRoBi  Em  -PERIODIC  COSTS  And  INCOMES — 

INTERNAL  RATE  OE  RETURN  FOR  SCHEDULE  0001  IS  BETWEEN    2.7  AND    2.8 
WITH  PRESENT  WORTHS  OF    2.99  AND   -0.23  RESPECTIVELY. 

INTERNAL  RATE  OF  RETURN  FOR  SCHEDULE  0002  IS  BETWEEN    2.9  AND    3.0 
WITH  PRESENT  WORTHS  oF    2.14  AnO   -1.53  RESPECTIVELY. 

PRESENT  DISCOUNTED  NET  WORTH  AT  GIVEN  ALTERNATIVE  PATES  OF  INTEREST 

ALT-PLAN   1  ALT-PLAN   2  ALT-PLAN   Q  ALT-PLAN   0 

RATF        (ROTATION  113)        (ROTATION  100)        (ROTATION    0)        (ROTATION    0) 

2.0  40. 3B  59.75 

2.1  32.86  50.16 

2.2  26.25  41.63 

2.3  20.41  34.02 

2.4  15.25  27.22 

2.5  10.67  21.11 

2.6  6.61  15.61 

2.7  2.99  10.66 
2.R  -0.23  6.19 
2.9  -3.10  2.14 

3.0  -5.67  -1.53 

3.1  -7.96  -4.85 
3.?               -10.01  -7.87 

3.3  -11.85  -10.62 

3.4  -13.49  -13.12 

3.5  -14.96  -15.40 

3.6  -16.27  -17.48 

3.7  -17.45  -19.38 

3.8  -18.50  -21.11 

3.9  -19.44  -22.69 
4.0  -20.28  -24.14 
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Figure  21.  -  Investment  Analysis  Program  No.  6. 


31/3P/3300  FOWTRAN  (P.D/mSOS 


02/0P/68 


PROGRAM  iNVFSTh 
INVESTMENT  ANALYSIS  PROGH AM--nECF MriER 


9^7 


J.  H.  wlKSTROM 

INTEWMOUNTAIN  FOREST  AND  RANGE  EXPERIMENT  STATION 

THIS  PROGRAM  IS  4N  ADAPTATION  OF  CLARK  ROW*S  INVEST  PROGRAM 

IT  CAN  BE  USED  WITH  OR  WITHOUT  PRODUCT  VALUES 

IT  HANDLES  BOTH  PERIODIC  AND  ANNUAL  COSTS  AND  INCOMES 

EXTRA  CONTROL  CARDS  ARE  NEEDED  FOR  PRODUCT  RETURNS 

FINAL  VALUE  IS  HANDLED  AS  A  PERIODIC  INCOME 

PROGRAM  CONTAINS  3  OPTIONS 

GENERAL  OPTION  FOR  INTERNAL  RATE  OF  RETURN-PRESENT  WORTH 

OPTION  FOR  STAND  REPLACEMENT  PRIORITIES 

OPTION  TO  EVALUATE  TIMBER  STANU  IMPROVEMENT  ALTERNATIVES 

RE-ROW — USES  RESEARCH  PAPER   SO-6 
RE-MARTY,  ETAL — USDA  HANDBOOK  304 


DIMENSION  AN(6«4) ,CAN(6»4) »NC(6,100) «PECO(6»l00) »N1 (feflOO) , JLOl (6« 
150) • JUALl (6.50) »N2(6.100' ♦ JLD?(6,5o) « JUAL?(6«S0) «N3(6,100).JLD3(6« 
250)  .  JUAL3(6,50)  »PR(30)  fCPROtS)  ♦FVAL(6,l),RATE(lOO>«RTLOG(lOO)» 
3VALIN(6«100) ,FCR0P(6, 100)»LY(6)»KCXt6),KlX(6),K?X(6)»K3X(6),NZ(6) 

DIMENSION  NI(6«4),NT(6,4)»A(12)»LI(6),JX(6»10)»RINT(3) .NAME (20) 

DIMENSION  IOEN(20) 


(eA4) 

19H1NATI0NAL  FOREST    ,8AA) 

HHOUNIT  -  ,8A4) 

13H0ATTENTI0N  -  ,8A*/1H-) 

1H0,38X,44HINVESTMENT  ANALYSIS  PROGRAM  NO. 6.    INT.  STA.,/) 

19A4,2X, 12) 

15H0PR08LEM  NO.     , 19A4»4X,4HI0=  ,I2»/1H-) 

20A4) 

(1H04X,20A*) 

3F4.3.  I?) 

1H0»44X,3*HGENERAL  EVALUATION  OF  ALTERNATIVES) 

1H0.40x,42hEVAlUATION  of  STAND  REPLACEMENT  PRIORITIES) 

1H0,38X,47hEVALUATION  OF  TIMBER  STAND  IMPROVEMENT  PROGRAMS) 

1H0,16X.3(2X4HRInT) , 1X,3HJPR) 

17H0C0NTR0L  CARD  6   . 3 ( F6. 3)  , 2X , I  2) 

37H0CONTROL  CARDS  FOR  FUTURE  STAN0S««««») 

38H0CONTROL  CARDS  FOR  FIRST  TSI  PLAN«»»»») 

7I2»6I3.24I2) 

lH01ftX,?HLX,6(2X,2HLI ) ,6(3X.?HLY) ,2X,2HKX. lX,4HKCXX.6( IX. 

17HMC0NTR0L  CARD  7   .  I  2 .  6  (  2X  ,  I  2 )  ,  6  (  2*  »  I  3 )  »  2*  ,  I  2.  3X  ,  1 2,  6  (  2)^  » 
1H0I5X.3HJXX.6(2X.2HJX)  . 1 X . 3HN7Z . 6 ( 2X » ?HNZ )  . 1 X , 3H I  ST . 2X . 

17HMC0NTR0L  CARD  7   .   12 . 15 ( 2X , 12) ) 

1H0.49X,24HROTATION  LENGTH  IN  YEARS) 

(8X. 13. 5( 17X. 13) ) 

27H0PERIODIC  COSTS  AND  INCOMES. /2X .6 < 14HYEAR       C0ST.6X)) 

(6(I3»F9.2)    ) 

(2X,ft(l4, 1X.F9.2.6X) ) 

4(?I  ^.Fa.2,F(S,3)  1 

39H0ANNUAL  COSTS  AND  RE  TURNS-- AL T .  OR  PlAN.14) 
lOX.BHiST  YEAR,iXl3.2'^.8HEND  YE  AR  ,  1  X  .  I ")  ,2X  .  1  hS,F9  .2  .  2X  .  iSHCH 
7.3) 
41H0NO  ANNUAL  COSTS  OR  RETURNS — ALT.  OR  PLAN.I4) 

2112) 
1H017X,4HK1XX,6(2X,3HK1X) ) 

17HMC0NTR0L  CARD  11  .12(2X.I3)) 


c 

C   FORMATS  US 

C 

10 

FORMAT 

11 

FORMAT ( 

12 

FORMAT ( 

13 

FORMAT ( 

1* 

FORMAT ( 

15 

FORMAT ( 

16 

FORMAT  ( 

17 

FORMAT ( 

18 

FORMAT 

19 

FORMAT ( 

20 

FORMAT ( 

21 

FORMAT ( 

22 

FORMAT ( 

23 

FORMAT ( 

24 

FORMAT ( 

25 

FORMAT ( 

26 

FORMAT  ( 

27 

FORMAT ( 

28 

FORMAT ( 

[3HKCX) ) 

29 

FORMAT  ( 

112)  ) 

30 

FORMAT ( 

12HMX) 

31 

FORMAT ( 

32 

FORMAT ( 

33 

FORMAT 

34 

FORMAT ( 

35 

FORMAT 

36 

FORMAT 

37 

FOWmAT ( 

38 

FORMAT ( 

39 

FORMAT ( 

IANGF.F7 

40 

FORMAT ( 

41 

FORMAT ( 

42 

FORMAT ( 

43 

FORMAT ( 

INV 
INV 
INV 
INV 
TNV 
INV 
INV 
INV 
INV 
INV 


INV 
INV 
INV 
INV 


10 
20 
30 
40 
50 
60 
70 
80 
90 
100 


INV  110 
INV  120 


130 
140 
150 
160 


INV  170 

INV  180 

INV  190 

INV  200 

INV  210 

INV  220 

INV  230 

INV  240 

INV  250 

INV  260 

INV  270 

INV  280 

INV  290 

INV  300 

INV  310 

INV  320 

INV  330 

INV  340 

INV  350 

INV  360 

INV  370 

INV  380 

INV  390 

INV  400 

INV  410 

INV  420 

INV  430 

INV  440 

INV  450 

INV  460 

INV  470 

INV  480 

INV  490 

INV  500 

INV  510 

INV  520 

INV  530 

INV  540 

INV  550 

INV  560 

INV  570 

INV  580 

INV  590 

INV  600 

INV  ^in 

INV  620 

INV  630 

INV  640 

INV  650 

INV  660 

INV  670 

INV  680 
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44  F0RMAT(lH0l7X,4HK2XXt6 

45  FORMAT (1H017X.4HK3XX. 6 

46  F0RMAT(14A5) 

47  FORMAT (23H0PEHIODIC  RE 

48  FORMAT (lH0.?X,6(15HrEA 

49  FORMAT  (6(I3.I5»I4) ) 

50  FnRMAT(I7.l6»I5.5(I9.I 

51  FORMAT (16H0  PRODUCT  PR 

52  FORMAT (l4Xfl2HPRO0UCT 

1/) 

53  F0RMAT(6(F9.3) ) 

54  F0RMAT(1H0(  8X.1H$.F9. 

55  F0RMAT(1H07X.6(9X,9HAL 

58  FORMAT {1H036HDISCOUNTE 

59  FORMAT (1H139HC0NTR0L  C 

60  FORMAT (IHO^SHDISCOUNTE 

65  FORMAT (lHlfl2HPR0BLEM 

66  FORMAT  (lH0t37HINTERNA 
IWEEN  ,F5.1«5H  AND  .F5. 
2  »F6.2.15H  RESPECTIVEL 

67  FORMAT(lHOi37HlNTERNAL 
1  INCLUDED  IN  The  PROBLE 

68  FORMAT (1H0.37HINTERNAL 
11/) 

69  FORMAT (1H02X.67HPRESEN 
IRATES  OF  INTEREST) 

70  FORMAT  (8H0    RATE«6(6 
72  FORMAT  (IH  .F7.1.6F20. 

75  FORMAT (1H036HOISCOUNTE 

76  F0RMAT(1H141HC0NTR0L  C 

77  FORMAT(lH037HniSCOUNTE 

78  FORMAT (1H044HDISCOUNTE 
99  FORMAT (23H0   ERROR  IN 

610  FORMAT(lHl) 


(2Xt3HK2X) ) 
(2X»3HK3X) ) 

TURNS  FROM  ♦4A5) 
R  YIELD  QI1AL.5X)  ) 

6«I5) ) 

ICES) 

N0.1»1*X.12HPRODUCT  NO.p. 14X12HPR00UCT  NO. 3. 


3»2X,2HCHtF7.3) ) 

T-PLAN  ,12)) 

0  NET  WORTH  OF  FUTURE  CROPS) 

AROS  7*  FOR  PRESENT  STAnD»»»««) 

0  NET  WORTH  OF  PRESENT  AND  FUTURE  CROPS) 

NO.  «19A4«/) 

L  RATE  OF  RETURN  FOR  SCHEDULE  »A4,12H  IS  BET 

1/lH  ,23HWITH  PRESENT  WORTHS  OF  ,F6.2»5H  AND 

Y.       ) 

RATE  OF  RETURN  FOR  SCHEDULE  ,A4»32H  IS  NOT 
M.) 

RATE  OF  RETURN  FOR  SCHFOULF  ♦A4»4H  IS  «F7. 

T  DISCOUNTED  NET  WORTH  aT  GIVEN  ALTERNATIVE 

X,10H(ROTATION  ,I3,1H))/) 

2) 

0  NET  WORTH — FIRST  TSI  PLAN) 

AROS  7*  FOR  SECOND  TSI  PLAN»«»*«) 

0  NET  WORTH — SECOND  TSI  PLAN) 

0  NET  WORTH  OF  ADDED  TST  INVESTMENT) 

INPUT  CARDS  ) 


READ  NAME  OF  NATIONAL  FOREST  OR  ORGANIZATION 
1  READ  (60tlO) (NAME (I) ,I=lt8) 
WRITE  (61»11)  (NAMEd)  tleltB) 

READ  NAME  OF  UNIT 

READ (60*10) (NAME (I) «I=1,8) 
WRITE(61 tl2) (NAME(I) ,1=1.8) 

READ  NAME  OF  USER 

READ  (60,10) (NAME(I) ,Isl,8) 
WRITE  (61,13) (NAME (I) ,I«1,8) 
WRITE  (61*14) 

READ  CARD  4,  PROBLEM  TITLE 
100  HEAD  (60*15) (NAME(I) ,Ial,19) ,ID 
GO  TO  (9l0*105)EOFCKF(60) 

105  IF (NAME(l) .EQ.^HNEW  )1,106 

106  WRITE (61* 16) (NAME (I) *Isl,19) ,ID 

READ  CARD  5,  PROBLEM  DESCRIPTION  CARDS 
IF(ID.GT.O) 107,110 

107  Do  109   J=1.I0 

READ (60, 17) (lOEN(I) ,1=1,20) 

109  WRITE(6l, 18)  (lOENd)  ,1  =  1,20) 

CONTROL  CARD  6,  INTEREST  RATES  AND  PROGRAM  OPTION 

110  READ (60, 19) (RI NT (I) ,1=1,3) , JPR 
IF  (JPR-2)111,112,113 

111  WHITE(61*20) 
GO  TO  114 

112  WRITE(6l,21) 
GO  TO  114 

113  WRITE(6l*22) 
lU  WRITE(61,23) 

WRITE (61* 24) (RINT(I) ,Isl,3) ,JPR 


INV  690 
INV  700 
INV  710 
INV  720 
INV  730 
INV  740 
INV  750 
INV  760 
INV  770 
INV  780 
INV  790 
INV  800 
INV  810 
INV  820 
INV  830 
INV  840 
INV  850 
INV  860 
INV  870 
INV  880 
INV  890 
INV  900 
INV  910 
INV  920 
INV  930 
INV  940 
INV  950 
INV  960 
INV  970 
INV  980 
INV  990 
INVIOOO 
INVIOIO 
INV1020 
INV1030 
INV1040 
INV1050 
INV1060 
INV1070 
INV1080 
INV1090 
INVUOO 
INVlllO 
INV1120 
1NV1130 
INV1140 
INV1150 
INV1160 
INV1170 
INV1180 
INV1190 
INV1200 
INV1210 
INV1220 
INV 1230 
INV1240 
INV1250 
INV1260 
IN\/1270 
INV1280 
INV1290 
INV1300 
INV1310 
INV1320 
INV1330 
INV1340 
INV1350 
INV1360 
INV1370 
INV1380 
INV1390 
INVUOO 
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C  INVUIO 

C   READ  CARD  7.   GENERAL  CONTROL  CARD  INVU?0 

IF (JPH-2) 1000.115,116  INV1430 

115  WRITE(61,25)  INV1440 
60  TO  1000  INVU50 

116  XHirE(6lf?6)  INVU60 
1000  READ(60f27)    LX  »  (L  I(  L  )  ,L=  1  ,6)  ,  (  L  Y  (L  )  ♦L  =  1  ,6  )  »  KX  ,KCXX  ,  (KCX  (L  )  tL^  1  .  6  INVU70 

l).JXX,(JX(L)fL=l,6)»NZZ»(NZ(L).L«l,6).IST,MX  INVl^flO 

•fRITE(61,28)  INVU90 

*<RITE(6lt29)LX.(LI(L),L=1.6).(LY(L),L=l,6).KX,KCXX,(KCX(L).L*l,6)    INVlbOO 

i*RITE(6l,30)  INVlSlO 

WRITE(61»31)JXX,(JX(L),L=1,6)«N2Z,(nZ(L).L=1.6).IST,mx  INV1520 

l»RITE(61.32)  INV1530 

XRITE(61,  33)   (LI(L).  L»1«LX)  INV1540 

WRITE (61. 33) (LY(L),L»1.LX)  INV1550 

IF  (KCXX)  135,135,120  INV1560 

120  wRITE(61t34)  INV1570 

C  INV1S80 

C   READ  CARD  8t  PERIODIC  COSTS  AND  INCOMES  INV1590 

00  130  KC»1,KCXX  INV1600 

RE An (60. 35) (NC(L.KC) .PECO(L.KC) .1=1.6)  INV1610 

130  WHITE(61»36) (NC(L»KC) .  PECO ( L .KC ) ,L= 1 .LX )  INVlb20 

C  INV1630 

C   READ  CARD  9,   ANNUAL  COSTS  AND  INCOMES  INV1640 

135  IF  (JXX)  140,140.136  1NV1650 

136  00  140  L«1.LX  INV1660 
IF  (JX(L) ) 138,138,137  INVlb70 

137  JXL=JX(L)  INV1680 
LIL=LI(L)  INVlb90 
REAO(60,37)(NI(LtI2).NT(L»I2),AN(L,I2).CAN(L.I2).I2=l.JXL)  INV1700 
KRITE(61»38)  LIL  INV1710 
WRITE(61.39) (NI (L.I2) .NT(L.I2) ,AN(L.I2) .CAN(L.I2) ,I?=1.JXL)  INV1720 
GO  TO  140  INV1730 

138  WRITE(61.40)  LlL  INV1740 
140  CONTINUE  INV1750 

C  INV1760 

C   READ  CARD  10.   PRODUCT  EVALUATION  CONTROL  CARD  INV1770 

IF  (KX)  200.200.150  INV1780 

150  REAn(60.41)KlXX,(KlX(L),L=1.6).K2XX.(K2X(L).L=1.6) ,K3XX, (K3X(L) ,    INV1790 

1L=1.6)  INV1800 

KRITE(61.42)  INV1810 

WRITE(61»43)K1XX.(K1X(L).L»1.6)  INVia20 

KRITE(61.44)  INV1830 

<(RITE(61»43)K2XX,  (K2X(L)  .L=1.6)  TNV1840 

WRITE<61.45)  INV1850 

WRITE  (61  .43)K3XX, (K3X(L) .L  =  l»6)  INV1860 

C  INV1870 

C   READ  CARD  11.   PRODUCT  NAMES  INV1880 

REA0(60.46) (A( I ) ,I«1. 12)  INV1890 

IK  (KIXX)  170.170.162  1NV1900 

162  WRITE(61  .47)  (Ad)  .1=  1.4)  INV1910 

WRITE(61.48)  INV1920 

C  INV1930 

C   READ  CARD  12.   PRODUCT  1  RETURNS  INV1940 

00  165  Kl=  I.KIXX  INV1950 

REA()(60»49)  (Nl  (L.Kl )  .  JLOl  (L  ,K  1  )  .  JUAL 1  (  L  .K  1  )  .L= 1 ,6)  INV1960 

165  WHITE(61»50)   (Nl  (L.Kl)  .JLOl  (L.Kl  )  .JUALl  (L.KD  .  L  =  1.LX)                INV1970 

170  IF{K2XX)  180.180MT2  INV1980 

172  WRITE(61»47) (A(I) ,1=5.8)  1NV1990 

WRITE(61»48)  INV2000 

C  INV2010 

C   READ  CARD  12.   PRODUCT  2  RETURNS  INV2020 

DO  175  K2=1.K2XX  TNV2030 

RE  AD (60. 49)  ( N2 ( L .K2 >  ♦ JLD2 ( L .K2 )  . JUAL2(L.K2)  •L=l .6)  INV204  0 

175  WR1TE(61.50) (N2(L.K2) , JLD2(L.K2) .JUAL2(L.K2) .L=1.LX)  INV2050 

180  IF  (K3XX)  190.190.182  INV2060 

182  WRITE(61.47)  (A(I)  .  1=9.12)  INV2070 

WRITE(61.48)  1NV2080 

C  INV2090 

C   READ  CARD  12.   PRODUCT  3  RETURNS  INV2100 

DO  185  K3=1.K3XX  INV2110 

READ(60.*9) (N3(L.K3) » JLD3(L.K3) . JUAL3(L.K3) ,L=1 .6)  INV2120 

185  WRITE(61»50)  <N3(L.K3) » JLD3(L.K3) . JUAL3(L.K3) .L=1.LX)  INV2130 
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190  CONTINUE 

READ  CARD  13t   PRODUCT  PRICES 

WRITE(61»51) 

WRITE (61 t52) 

00  197  M=1.MX 

REAO(60t53) (PR<K.M) »CPR(K,M) »K=1»KX) 

WRITE (61 1 54)  (PR(K,M)  »CPR(K,M) ♦K=1»KX) 
197  CONTINUE 
200  CONTINUE 


BEGIN  PROCESSING  DATA. 


RATF(1)«RINT{1) 

DO  ?10  1*2.100 

IF (RATE(I-1)-RINT(3) )P02» 203*203 

202  RATE(I)=RATE(I-1) ♦RINT(2) 
GO  TO  210 

203  LENGTH=1-1 

IF (LENGTH- (LENGTH/2) •2) 20* ,205, 204 

204  LLNGTHs (LENGTH  ♦l)/2 
GO  TO  215 

205  LLN6THaLENGTH/2 
GO  TO  215 

210  CONTINUE 

215  00  216  1=1. LENGTH 

216  RTL0G(I)*1.*RATE(I) 

DO  COMPUTATIONS 


IF  (KX)218,218.217 

217  DO  600  M«:i.MX 

218  00  300  L«1»LX 

DO  300  1=1. LENGTH 
KCXA=KCX (L) 
K1XA»K1X(L) 
K2XA3K2X (L) 
K3XA=K3X (L) 
DAN=OC«N«0.0 
OKC=  0.0 
OK1=OK2=DK3=0.0 
RTLOI=RTLOG(I) 
LYL»  LY(L) 
DISrO=RTLOI»«LYL 

COMPUTE  DISCOUNTED  PERIODIC  COSTS  AND  INCOMES 


IF  (KCXX)226.226.220 

220  IF(KCXA)226.226.2?1 

221  DO  225  KC=1,KCXA 
KXLY=NC (L.KC) 
OISr«RTLOI  «•  KXLY 

225  DKC=OKC*PECO(L.KC)/DISC 

COMPUTE  DISCOUNTED  ANNUAL  COSTS  AND  INCOMES 

226  IF  (JXX)240,240,230 

230  IF  (JX(L) )240.240.23l 

231  JXL=JX(L) 

DO  240  12=1, JXL 
NTL=(NT(L.I2)-NI (L.I2) ) 
NIL=  NI (L.I2) 
IF(AN(L.I2) )232,240.232 

232  SISCO=  RTLOI»«NTL 
FISCO*  RTLOI««NIL 

B8N=(AN(L.I2)*(SISC0-1.) ) / ( RATE ( I) 'SI  SCO) 
IF (NIL. 6T. 0)233, 234 

233  8AN=(8BN/(RATE(I)»FISC0) ) 
60  TO  235 

234  BAN=  88N 

235  DAN=  DAN  ♦  BAN 
IF(CAN(L»I2) )  236,240,236 

236  CCANs(CAN(L,I2)»AN(L,l2)»(SISC0-NTL  •  RATEd 


INV2140 
INV2150 
INV2160 
INV2170 
INV2180 
INV2190 
INV2200 
INV2210 
INV2220 
1NV2230 
INV2240 
INV2250 
INV2260 
INV2270 
INV2280 
INV2290 
INV2300 
INV2310 
INV2320 
INV2330 
INV2340 
INV2350 
INV2360 
INV2370 
INV2380 
INV2390 
INV2400 
INV2410 
INV2420 
INV2430 
INV2440 
INV2450 
INV2460 
INV2470 
INV2480 
INV2490 
INV2500 
INV2510 
INV2520 
INV2530 
INV2540 
INV2550 
INV2560 
INV2570 
INV2580 
INV2590 
INV2600 
INV2610 
INV2620 
INV2630 
INV2640 
INV2650 
INV266n 
INV2b70 
INV2680 
INV2690 
INV2700 
INV2710 
INV2720 
INV2730 
INV2740 
INV2750 
INV2760 
INV2770 
INV2780 
INV2790 
INV2800 
INV2810 
INV2820 
INV2830 
1NV2840 
INV2850 
•1  .))/(RATE(I)»»2«SISC0  INV2860 
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1) 

IF(NIL.GT.O)  237t238 

237  BCAN»(CCAN/(RATE  (D'FISCO)  ) 

60  TO  23^ 

238  BC*N«  CCAN 

239  DCAN=  DCAN  ♦  8CAN 

c 
c 
c 

240  CONTINUE 

COMPUTE  DISCOUNTED  PRODUCT  VAL 

IF  (KX)280.280.250 

250  IF  (KUA)  260,260,251 

251  DO  255  K1=1.K1XA 

INV2870 
INV2880 
INV2890 
INV2900 
INV2910 
INV2920 
INV2930 
INV2940 
INV2950 
INV2960 
INV2970 
INV2980 
INV2990 

KXLY=N1(L»K1)  INV3000 

QUAL1  =  JUAL1  (L,K1  )  •  .01  INV3010 

DISC»RTLOI  •»  KXLY  INV3020 

YL01=JL01  (L,K1  )  •  .1  INV3030 

255  OkUOkI*  tYL01»PR(l,M)«QuALl»(l.*CPR(l,M)»Nl (L,Kl) )/DISC)  INV3040 

260  IF  (K2XA)270,270,261  INV3050 

261  00  265  k2«1,K2XA  INV3060 
KXLY«N2(L,K2)  INV3070 
DISCaRTLOI  ••  KXLY  INV3080 
QUAL2=JUAL2(L,K2)  •  .01  INV3090 
YLD2aJLD2(L,K2)  •  .1  INV3100 

265  0K2=0K2* (YLD2»PR(2»M)»QUAL2«<1.*CPR(2,M)»N2(L,K2) )/OISC)  INV3110 

270  IF (K3XA)280, 280,271  INV3120 

271  DO  275  K3=1,K3XA  INV3130 
KXLY«N3(L.K3)  INV3M0 
DISC=RTLOI  ••  KXLY  INV3150 
QUAL3=JUAL3(L,K3)  •  .01  1NV3160 
YL03=JLD3(L,K3)  •  .1                                                     INV3170 

275  DK3=0K3* (YL03»PR(3»M>»QUAL3» ( 1 .♦CPR(3,M) »N3 ( L , K3) ) /OI SO  INV3180 

C  INV3190 

C   SUMMARIZE  (FILL  VALIN  ARRAY)  INV3200 

C  INV3210 

2*^0  IF  (NZZ)295,295,290  INV3220 

290  IE  (NZ(L) )295,295,292  INV3230 

292  TIjV6L  =  nKl  ♦0K2*DK3*  DAN*  DCAN*  DKC  INV3240 

VALlNd  .1) =IDVAL  INV3250 

GO  TO  TOO  INV3260 

295  TnvAL=nKl*0K2*DK3*  DAN*  DCAN*DKC  INV3270 

VALIN{L,I)=TDVAL»(  1.*  1.  /(OlSCO-1.))  INV3280 

300  CONTINUE  INV3290 
C                                                                                INV3300 

IF  ( JPR-2)303,302,301  INV3310 

301  GO  TO  400  INV3320 

302  GO  TO  350  INV3330 

303  CONTINUE  INV3340 
C  INV3350 
C  COMPLETE  OUTPUT  FOR  GENERAL  OPTION  INV3360 
C  INV3370 

»<HITE(61  ,65)   (NAME  (I  ),  1  =  1,19)  INV3380 

DO  304  1=1, LENGTH  INV3390 

RATE  (I)»  RATE(I)«inO.O  INV3400 

304  CONTINUE  INV3410 
00  320  L»1»LX  INV3420 
00  310  I=1»LENGTH  INV3430 
IF  (VALIN(L, I) .GT, 0.0) 310,305  INV3440 

305  IF  (VALIN(L, I ) .EQ. 0.0) 308,306  INV3450 

306  IF  (I. EQ.D  311,307  INV3460 

307  WRI TE(fel,66)LI (L) ,RATF(I-1) ,RATt (I) ,VALIN(L,I-1) ,VALIN(L, I)  INV34  70 
GO  TO  320  INV3480 

308  WRITE(61,68)  L I ( L ) ,HATE ( I )  INV3490 
GO  TO  320                                                                 INV3500 

310  CONTINUE  INV3510 

311  XR1TE(61,67)     LI(L)  INV3520 

320  CONTINUE  INV3530 
WHITE(61,69)  INV3S40 
WRITE(61,55)(II(L),L'=1,6)  INV3550 
WRI TE (61 ,70)  (LY  (L)  tL^l  ,6)  INV3560 
DO  321  1  =  1, LENGTH  INV3570 
«(RITE(61»72)RATE(I),(VALlN(L,I),L=l,LX)                                INV358  0 

321  CONTINUE  INV3590 
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325 


DO  325  I"l. LENGTH 
RATE  (I)»RATE(I)/100.0 
CONTINUE 
GO  TO  600 


CONTINUE  WITH  PROGRAM  OPTION  2 


350 
351 

355 


356 


357 


358 


360 


361 


362 


363 


400 


IFdST.EQ. 1)351, 360 

00  355  L»1»LX 

00  355  I«l, LENGTH 

FCH0P(Lf I)=VALIN(L»I) 

VALIN(L»I)»0.0 

WRITE(61»65)  (NAME(I) .1=1,19) 

WHITE (61,58) 

DO  356  1=1, LENGTH 

RATE  (I)=RATE(I)»100.0 

WRITE(61,55) (LI (L) ,L=1 ,6) 

WRITE(61,70) (LY(L) ,L=1»6) 

DO  357  I«1»LEnGTH 

WHITE  (61,72)  RATE(I) , (FCR0P(L,1) ,L=1,LX) 

CONTINUE 

00  358  l»l, LENGTH 

RATE  (I)=  RATE(I)/100.0 

CONTINUE 

WHITE(6l,5<») 

GO  TO  lOOO 

00  361  L«1,LX 

DO  361  1*1, LENGTH 

LYL=LY(L) 

DISC0=9TL0G(I)»»LYL 

VALIN(L,I)=VALIN{L,I) ♦(  FCROP(L»I)  /DISCO) 

CONTINUE 

WHITE(61  ,6=>)   (NAME  (  I)  ,1  =  1  ,19) 

WHITE (61 ,60) 

DO  362  1=1, LENGTH 

RATE  (I)=RATE  (I)»100 

CONTINUE 

WRITE(61 ,55)  (LI  (L)  ,L  =  1  ,6) 

WHITE(61,70) (LY(L) ,L=1 ,6) 

DO  363  1=1, LENGTH 

WRITE (61 ,72)  RATE (I) , (VALIN(L,I) ,L=1,LX) 

CONTINUE 

60  TO  600 

CONTINUE 


CONTINUE  WITH  PROGRAM  OPTION  3 


IF  (IST.EQ.l)'i01,4lO 

401  DO  402  L=1,LX 

DO  402  1=1, LENGTH 

402  FCROP(L,I)«VAL IN(L,I) 
VALIN(L,I)=0.0 

WRITE(61,65)  (NAME(I) ,1=1,19) 
WRITE(61,75) 

00  403  1=1, LENGTH 

403  RATE(I)=RATE(I)«100.0 
WRITE (61,55) (LI (L) ♦L=l,6) 
WRITE(6l»70)  (LY(L)  ,L»1,6) 
00  404  1=1, LENGTH 

WRITE (61,72)  RATE(I) , (FCROP(L,I) ,L= 

404  CONTINUE 

00  405  1=1, LENGTH 
RATE(I)=RATE(1)/100.0 

405  CONTINUE 
WRITE(61,76) 
GO  TO  1000 

410  CONTINUE 

WRITE(61»65)  (NAME(I) ,1=1,19) 

WRITE(61,77) 

00  411  1=1, LENGTH 

411  RATE(I)=RATE(I)»100.0 
WHITE(61,55) (LI(L) ,L=1,6) 
WRITE (61, 70) (LY(L),L=1,6) 


1,LX> 


INV3600 
INV3610 
INV3620 
INV3630 
INV3640 
INV3650 
INV3660 
INV3670 
INV36eo 
INV3690 
INV3700 
INV3710 
INV3720 
1NV3730 
INV3740 
INV3750 
INV3760 
INV3770 
INV3780 
INV3790 
INV3800 
INV3810 
INV3820 
INV3830 
INV3840 
INV3850 
INV3860 
INV3870 
INV3880 
INV3890 
INV3900 
INV3910 
INV3920 
INV3930 
TNV3940 
INV3950 
TNV3960 
INV3970 
1NV3980 
INV3990 
INV4000 
INV4010 
INV4020 
INV4030 
INV4040 
INV4050 
INV4060 
INV4070 
INV4080 
INV4090 
INV4100 
INV4110 
INV4120 
INV4130 
INV4140 
1NV4150 
INV4160 
INV4170 
INV4180 
INV4190 
INV4200 
INV4210 
INV4220 
INV4230 
INV4240 
INV4250 
INV4260 
INV4270 
INV42eO 
INV4290 
INV4300 
INV4310 
INV4320 
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00  412  1  =  1. LENGTH  1NV4330 

WRITE(61.72)  PATE( I)  .  (VALIN(L.I)  .L=l  .LX)  INV4340 

♦12  CONTINUE  INV4350 

WHITE(61.65)   (NAME (I)  .  1*1.19)  INV4360 

XHITE(61.78)  INV4370 

DO  413  L-l.LX  INV4380 

00  413  I»l. LENGTH  ^ INV4390 

413  VALIN(L.I)«VALlN(L.I)-FCROP(L.I)  *INV4400 

WRI TE( 61.55) (LI(L) .L" 1.6)  INV4410 

t<RITE(61.70)   (LY(L)  .L=l  .6)  INV4420 

DO  4lS  I«l. LENGTH  INV4430 

WRITE(61.72)  RATE(I)  .  (VALIN(L.I)  .L=1.LX)  INV4440 

415  CONTINUE  INV4450 

GO  TO  600  1NV4460 

600  CONTINUE  INV4470 

VALIN(L.I)«0.0   $FCROP(L.I )=0.0  INV4480 

WR1TE(61.610)  INV4490 

READ  CARD  12. END  OF  PROBLEM  INV4500 

REAO(60.27) lEND  INV4510 

IF (IENO-98)900.100»910  INV4520 

900  WRlTEiM.99)  1NV4530 

910  STOP  INV4540 

END  INV4550 

3200  FORTRAN  DIAGNOSTIC  RESULTS  -  FOR    1NVEST6 
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FOREWORD 

This  paper  describes  a  method  of  constructing  site  index  curves  from  one-time  measure- 
ments of  age  and  height  of  trees  in  the  dominant  stand.    Site  index  curves  for  Engelmann  spruce 
(Picea  engelmannii  Parry)  have  already  been  constructed  using  this  method  (1).      In  this  paper 
curves  are  constructed  for  inland  Douglas -fir   (Pseudotsuga  menziesii  var.   glauca    (Mirb.) 
Franco)  to  illustrate  how  to  use  the  method. 

This  method  has  the  advantage  of  being  applicable  to  the  kind  of  site  tree  data  usually 
taken  in  the  course  of  forest  inventories.     Moreover,    the  disadvantages  of  these  data  are 
compensated  for  to  some  degree  by  the  fact  that  the  resulting  site  index  curves  will  usually  be 
used  with  the  same  kind  of  data,  containing  the  same  hidden  effects  of  past  damage. 

The  method  is  a  generalization  of  the  Osborne -Schumacher  method  (10)  which  assumes 
equal  representation  of  a  particular  site  quality  in  all  age  classes.    The  generalization  does  not 
require  residuals  about  the  mean  curve  of  height  over  age  to  be  normally  distributed.    A  disad- 
vantage of  the  method  proposed  in  this  paper  is  that  it  requires  a  relatively  large  number  of 
sample  trees --at  least  1,500  paired  measurements  of  age  and  height  should  be  available. 

The  site  index  curves  for  inland  Douglas -fir  resulting  from  using  this  method  are  recom- 
mended for  use  in  the  northern  and  central  Rocky  Mountain  area.    These  curves  are  shown  on 
a  page  inserted  in  the  middle  of  the  publication.    This  page  is  designed  so  it  can  be  detached 
for  use  in  the  field.    Table  3  on  page  14  shows  height  of  trees  in  the  dominant  stand  for  various 
combinations  of  age  and  site  index.    Equations  by  which  site  index  can  be  estimated  from  age 
and  height  are  given  on  pages  20  £ind  22.     These  equations  are  especially  useful  in  adapting  the 
system  of  site  index  curves  to  use  in  electronic  computer  programs. 


Numbers  in  parentheses  refer  to  Literature  Cited. 
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A  METHOD  FOR  CONSTRUCTING  SITE  INDEX  CURVES  FROM  MEASUREMENTS  OF 
TREE  AGE  AND  HEIGHT--ITS  APPLICATION  TO  INLAND  DOUGLAS-FIR 

INTRODUCTION 

For  many  years  the  most  widely  followed  practice  in  describing  forest   site  quality  lias 
been  the  use  of  a  quantitative  measuring  system --site  index  curves.    These  must  Ix'  developed 
for  individual  species  and  are  supposed  to  represent  the  relationship  between  height  and  age  of 
the  average  dominant  and  codominant  trees  on  the  site.      These  curves  can  be  derived  from 
measurements  that  indicate  height  and  age  of  selected  trees  at  different  periods   in  time,    or 
from  measurements  of  height  and  age  at  one  point  in  time  on  a  large  number  of  trees  that  range 
in  age  from  young  to  old. 

The  first  method,  which  uses  either   stem  analysis  data  or  recurrent  measurements  of 
selected  trees  on  permanent  sample  plots,  has  usually  been  followed  in  recent  years  when  site 
index  curves  or  growth  and  yield  information  are  the  objectives  of  the  study  and  data  are  col- 
lected for  that  purpose.    Trees  are  selected  for  stem  analysis  or  recurrent  measurements  so 
as  to  exclude  those  that  have  been  subjected  to  height -growth -inhibiting  injuries.    Reliable  use 
of  curves  derived  from  this  kind  of  data  presupposes  that  trees  measured  for  comparison  with 
the  curves  also  have  been  free  of  injuries  throughout  their  lives.    When  selecting  trees  to  com- 
pare with  the  curves  in  the  course  of  normal  fieldwork  it  is  seldom  practical  or  even  possible 
to  limit  a  sample  to  the  kind  of  uninjured  trees  on  which  the  curves  were  based.    Too  often  a 
tree  may  have  sustained  some  injury  in  the  past  that  cannot  be  detected  by  an  observer  on  the 
ground.     As  a  result,    some  trees  that  have  suffered  height -growth -inhibiting  injuries  are 
generally  included  in  samples.     Such  sample  trees  will  give  an  underestimate  of   site  quality 
when  compared  with  site  index  curves  based  on  uninjured  trees. 

This  is  not  intended  as  a  criticism  of  the  use  of  stem  analysis  or  recurrent  measurement 
data  for  site  index  curve  development  when   such  data  are  obtained  with  probability  sampling 
techniques.     On  the  other  hand,    when  one   is  forced  to  use  one -time  measurements  of  tree 
height  and  age,    such  as  may  be  collected  in  forest  inventories,    there  is  reason  to  think  that 
both  the  trees  on  which  the  curves  are  based  and  those  measured  subsequently  to  estimate  site 
index  are  from  similar  populations;  that  is,    populations  of  trees  as  they  exist  in  the  forest. 
Thus,  the  curves  are  developed  from  the  same  kind  of  measurements  as  those  with  which  they 
will  be  used,  which  may  tend  to  reduce  any  bias  arising  from  an  observer's  inability  to  detect 
the  effects  of  previous  top  damage. 

The  site  index  curves  currently  being  used  for  many  species  in  the  Western  United  States 
are  based  on  paired  measurements  of  age  and  height  taken  on  trees  in  the  dominant  staiid  at  one 
point  in  time.    Such  data  are  more  easily  collected  in  the  course  of  forest  inventories  and  are, 
for  some  species,  the  only  data  presently  available.    This  is  likely  to  be  true,  to  an  extent,  for 
some  time  in  the  future.    It  is  the  purpose  of  this  paper  to  show  how  this  kind  of  data  can  be  used 
to  construct  site  index  curves  which  are  free  of  bias  that  could  be  introduced  by  the  assumptions 
implicit  in  older  methods. 

METHODS  FOR  CONSTRUCTING  CURVES 

The  methods  of  constructing  site  index  curves  as  described  in  the  forestry  literature  will 
result  in  either  anamorphic   (proportional)  curves,    or  polymorphic  (nonproportional)  curves. 
Polymorphic  curves  vary  in  shape  from  one  site  to  another.    If  their  shape  is  well  determined, 
they  are  generally  considered  more  consistent  with  the  known  growth  habits  of  trees.    Tliere- 
forc,  polymorphic  curves  are  to  be  preferred  for  estimating  site  index  (6,    12,   2). 


The  Osborne -Schumacher  met±iod  results  in  polymorphic  curves  based  on  the   standard 
deviation  of  residuals  about  the  mean  curve  of  height  over  age.    Fractions  and  multiples  of  the 
standard  deviation  are  used  in  the  construction  of  the  actual  curves  at  various  site  index  levels. 
The  assumption  on  which  this  metliod  is  based  was  stated  by  Osborne  and  Schumacher  as  follows: 

A  necessary  condition  for  the  correct  determination  of  site  index  is  that  it  be  intrin- 
sically independent  of  plot  age;  for  then  the  proportion  of  the  sample  plots  whose' site 
indexes  are  better --or  poorer --than  any  given  site  index  is  the  same,  in  the  long  run, 
at  one  age  as  at  another;   and,  conversely,   site  index  may  be  identified  by  associating 
it  with  the  probability  of  occurrence.    For  example,  the  site  qualities  that  are  the  most 
productive  10  percent  of  the  area  in  a  timber  type  should  be  represented  by  10  percent 
of  the  sample  plots  in  each  age  class  whose  height  of  average  dominant --or  dominant  and 
codominant  tree  is  greatest. 

The  procedure  for  site  index  curve  construction  given  in  this  paper  rests  on  the  validity 
of  the  Osborne -Schumacher  assumption,  which  can  be  related  to  site  index  curves  as  follows: 
If  all  land  of  a  given  site  quality  within  a  forest  region  is  represented  by  areas  of  land  in  all 
age  classes  proportional  to  that  part  of  the  total  land  area  in  that  particular  site  quality,^  then 
the  average  height  growth  curve  of  trees  in  the  dominant  stand  on  land  of  that  site  quality  can 
be  represented  by  a  curve  that  is  above  or  below  the  mean  curve  of  height  on  age  by  a  distance 
which  represents  the  same  probability  level  in  the  distribution  of  residuals  at  all  ages.     This 
distance  will,  of  course,  vary  with  age. 

In  certain  cases  patterns  of  land  use  in  the  past  may  render  this  assumption  invalid. 
Curtis  (3)  found  this  to  be  so  with  some  tree  species  in  New  England.    In  this  study  it  has  been 
assumed  that  previous  land  use  patterns  have  not  operated  to  produce  such  an  effect  for  the 
following  reasons: 

1.  The  data  were  drawn  from  a  wide  geographic   area  embracing  several  different 
economic  regions 

2.  Most  of  the  data  came  from  National  Forests  where  cutting  practices  have  been  rather 
different  from  those  on  smaller  private  holdings  and 

3.  The  effects  of  cutting  practices  and  land  use,    if  any,    have  been  felt  for  at  least  2 
centuries  less  time  in  the  Mountain  States  than  in  New  England. 

In  the  absence  of  evidence  to  the  contrary,    it  is  implicitly  assumed  that  there  is  no  rela- 
tion between  site  and  the  incidence  of  fire,  windfall,  and  insect  damage. 

PRELIMINARY  ANALYSIS  OF  DATA 

Unfortunately,   only  total  age  was  recorded  for  the  trees  measured  in  this  study,  although 
age  at  breast  height  is  a  more  reliable  age  upon  which  to  base   site  index  curves  (9,    13,  5). 
Before  a  tree  reaches  this  height,    competition  from  brush,    weeds,    grass,  etc.,   is  likely  to 
influence  height  growth  to  such  an  extent  that  any  effect  which  the  site  itself  may  have  on  height 
growth  is  entirely  obscured. 
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That  is,  the  expected  value  of 

a./Sa..  =Ea../ZZa     , 
iJ        iJ  ij  ij 

where^a..  denotes  the  land  area  in  the  i^^  age  class  and  the  j^^  site  class,    ^a..  is  all  land  bearing  stands  in 

the  i     age  class,    za..  is  all  land  in  the  j      site  class,  and  ziia. .  is  total  land  area  for  the  species  in  the 

forest  region  being  considered. 


More  than  3,000  Douglas-fir  trees  were  measured  for  total  lieight  as  well  as  total  age. 
All  were  located  on  forest  inventory  plots  in  the  nordiern  and  central  Rocky  Mountains  (fig.    1). 
From  one  to  three  trees  were  measured  at  each  location  and  each  tree  was  counted  as  a  sepa- 
rate observation.    To  qualify  for  sampling,  trees  had  to  be  in  the  dominant  portion  of  the  stand 
and  appear  to  have  been  free  of  injury  and  suppression  throughout  their  lives. 

The  overall  area  shown  in  figure  1  was  divided  into  five  suloregions,  differing  in  respect 
to  general  climatic  conditions  that  might  influence  tree  growth  (14).    Each  site  tree  observation 
was  tagged  by  a  subregion  code  of  I  through  5.    This  allowed  later  segregation  of  the  site   index 
predictions  so  as  to  test  the  shape  of  the  final  system  of  curves  within  each  of  the  five  subregions 

Trees  200  years  of  age  and  older  were  rejected  in  constructing  the  curves,  leaving  3,  183 
trees  m  the  sample.    Trees  200  years  of  age  or  older  are  likely  to  be  so  large  in  diameter  thai 
increment  borers  ordinarily  available  would  not  reach  to  the  pith;   therefore,    an  accurate  esti- 
mate of  age  would  not  be  obtained.    Also,  top  damage  that  the  tree  may  have  sustained  in  the 
past  is  often  difficult  to  detect  in  an  old  tree. 


Figure  1.  --The  area  from 
which  the  data  used  in 
this  study  were  drawn. 
Subregions  are: 


I  wm 


The  trees  left  in  the  sample  were  sorted  into  20 -year -age  groups  and  the  distribution  of 
heights  within  age  groups  was  plotted.    It  was  apparent  that  the  distributions  of  heights  within 
most  of  the  20 -year -age  groups  were  skewed,  possibly  due  to  the  spread  of  ages  within  classes, 
and  the  intraclass  correlation  of  height  with  age.    It  seemed  likely,  in  any  case,  that  the  distri- 
bution of  residuals  about  the  mean  curve  of  height  over  age  would  be  nonnormal.    If  so,  then  the 
Osborne -Schumacher  method  could  not  be  used  unless  skewness  and  kurtosis  were  the  same  at 
all  ages.     Otherwise,  one  standard  deviation  above  the  mean  curve  would  reflect  a  different 
level  of  probability  at  different  points  along  the  curve,  and  any  resulting  site  curves  would  be 
inconsistent  with  the  basic  assumption  as  stated  on  page  2. 

DERIVATION  OF  CURVES 


The  method  used  in  estimating  the  curves  presented  in  this  paper  follows  five  distinct 
steps: 

1.  Sorting  the  site  tree  observations  according  to  ascending  values  of  total  tree  age  and 
dividing  the  sample  into  agewise  segments,  each  segment  containing  about  100  trees. 

2.  Fitting  an  average  curve  of  total  height  over  total  age  to  the  mean  age  and  mean 
height  of  sample  segments. 

3.  Locating  a  series  of  probability  percentage  points  in  the  distribution  of  residuals 
around  the  average  curve  within  each  segment  of  the  sample . 

4.  Fitting  a  series  of  curves  of  the  same  algebraic  form  to  all  points  located  at  the  same 
probability  level  in  the  several  sample  segments.    Each  curve  is  then  associated  with  a  particu- 
lar level  of  probability  of  occurrence. 

5.  Harmonizing  the  series  of  curves  obtained  in  step  4  above  by  expressing  the  coefficients 
of  the  curve  equations  as  functions  of  site  index.    This  results  in  one  equation  for  the  system  of 
site  index  curves. 

SORTING  SITE  TREE  OBSERVATIONS 

Because  of  the  evident  skewness  of  the  distributions  of  heights  within  20 -year -age  classes, 
the  site  tree  observations  were  separated  into  groups,  or  sample  segments,    according  to 
ascending  values  of  total  tree  age.    These  sample  segments  were  established  so  as  to  include 
100  observations  each,    as  nearly  as  was  possible  without  breaking  up  groups  of  trees  of  the 
same  age.     Statistical  tests  for  significance  of  kurtosis  require  samples  of  this  size  if  sufficient 
sensitivity  is  to  be  attained. 

A  total  of  29  classes  was  thus  obtained,  each  class  representing  a  varying  age  span-- 
most  of  these  fell  within  the  range  of  4  to  7  years.     The  number  of  trees  in  each  sample 
segment,  mean  age,  mean  height,  and  standard  deviation  of  the  residuals  around  the  average 
curve  of  height  over  age  are  shown  in  table  1 . 


Tabic  1. 

--Agewise  segmenting  of  site 

tree  observations  for  the 

purpose 

of  residual  distribution  analysis 

Sample 

No.  of 

Mean 

Mean 

1 

segment 

Age  span 

trees 

age 

height 

S 

Years 

Years 

Feet 

1 

0-35 

99 

28.4 

30.1 

11.5 

2 

36-43 

105 

40.1 

41.4 

13.5 

3 

44-48 

98 

46.1 

43.5 

13.6 

4 

49-53 

107 

50.9 

50.4 

16.0 

5 

54-58 

116 

56.1 

54.4 

17.5 

6 

59-62 

117 

60.3 

57.1 

16.  1 

7 

63-66 

118 

64.6 

60.2 

17.2 

8 

67-70 

134 

68.7 

61.3 

18.7 

9 

71-74 

108 

72.3 

59.9 

18.8 

10 

75-78 

105 

76.4 

61.2 

19,9 

11 

79-82 

116 

80.5 

63.2 

19.8 

12 

83-86 

99 

84.6 

61.5 

17.5 

13 

87-91 

108 

89.3 

65.2 

21.4 

14 

92-96 

106 

94.1 

66.4 

18.9 

15 

97-101 

107 

99.1 

72.3 

20.4 

16 

102-107 

108 

104.8 

65.5 

19.5 

17 

108-112 

102 

110.0 

72.0 

18.7 

18 

113-118 

105 

115.5 

71.6 

20.6 

19 

119-122 

101 

120.3 

71.2 

19.7 

20 

123-128 

105 

125.5 

73.2 

21.3 

21 

129-134 

111 

131.3 

75.6 

21.0 

22 

135-140 

137 

137.7 

76.6 

22.8 

23 

141-147 

109 

144,3 

70.9 

20 . 3 

24 

148-153 

106 

150.4 

78.3 

22.5 

25 

154-160 

107 

157.9 

71.2 

21.4 

26 

161-168 

103 

164.7 

75.9 

22.0 

27 

169-175 

104 

172.6 

74.8 

20.  1 

28 

176-184 

103 

180.1 

76.0 

24.2 

29 

185-199 

139 

190.8 

76.2 

21.8 

Standard  deviation  of  height  residuals  around  the  mean  curve  of  height  over  age. 

FITTING  AVERAGE  HEIGHT -AGE  CURVE 

To  estimate  tlie  mean  curve  of  height  on  age,  a  grovvth  function  of  suitable  form  was 
fitted  to  the  sample  segment  means  of  age  and  height,  and  properly  weighted  according  to  the 
number  of  trees  in  each  segment.    Several  growth  equations  were  fitted  to  the  data  and  evalua- 
ted in  an  attempt  to  express  the  average  relationship  between  tree  height  and  tree  age.     Tlic 
most  appropriate  was  found  to  be: 


H  =a  [1  -  b-exp(-kA)  ] 


1/1 -m 


where: 


H  =  total  tree  height 

A  =  total  tree  age 

a,b,k,  m  are  coefficients  of  the  equation  to  be  estimated  by  the  method  of  least  squares. 

exp(-kA)  means  e,  the  base  of  Naperian  logarithms,  taken  to  the  (-kA)  power. 

This  model  and  its  use  as  a  growth  curve  have  been  discussed  in  detail  by  Richards  (12). 
It  can  be  seen  that  the  function  is  not  linear  in  its  parameters,  nor  can  it  be  made  so  by  trans- 
formation. To  fit  this  equation,  it  is  necessary  to  use  iterative  numerical  methods  that,  in 
this  case,  were  those  embodied  in  a  computer  program  produced  by  the  Esso  Research  and 
Engineering  Corporation.  The  least  squares  criterion  was  satisfied  by  the  following  values  of 
the  coefficients: 

a  =  76.0 

b  =  1.0 

k  =0.0290833 

m  =0.398601 

The  estimates  of  the  first  two  coefficients  that  were  used  to  start  the  iterative  fitting  pro- 
cess remain  unchanged.    After  the  second  two  coefficients  were  estimated,  any  reduction  in  the 
error  sum  of  squares  obtained  by  changing  coefficients  a  and  b  was  insignificant  because  the 
initial  estimates  were  so  close  to  the  optimum  least  squares  solution.    This  average  height  over 
age  curve  and  the  points  to  which  it  was  fitted  are  shown  in  figure  2. 
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Figure  2.  --The  average  curve  of  height  over  age  for  inland  Douglas -fir.    The  plotted  points  are  (mean 
age -mean  height)  coordinates  for  each  sample  segment. 
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LOCATING  PROBABILITY  PERCENTAGE  POINTS 

After  a  prediction  equation  lor  average  height  was  obtained,    a  height  was  predicted  lor 
each  tree  in  the  sample.     This  predicted  height  was  subtracted  from  the  tree's  actual   height, 
and  tlie  residuals  obtained  thereby  were  accumulated  separately  for  eacli  of  the  2'-)  sample  seg- 
ments.   The  100  or  so  residuals  in  each  sample  segirient,  then,  formed  a  frequency  distribution, 
These  distributions  were  nonnormal  in  most  cases. 

For  each  within -segment  distribution  of  residuals  the  standard  deviation  (S)  was  calcula- 
ted.    Estimates  of  the  moment  ratios   P     and  p      were  computed  as   indices  of   skewness  and 
kurtosis  according  to  the  method  of  k-statistics"given  by  Kendall  and  Stuart  (8)  where  the  k- 
statistics  are  sample  estimates  of  the  distribution  cumulants.     The  moment  ratios  were  com- 
puted from  the  corresponding  cumulant  ratios. 

Figures  3  and  4   show  the  coefficients    P     and    P  ,    respectively,    plotted  over  cor- 
responding sample  segTiient  mean  age.    It  will  be  noted  that  nearly  two -thirds  of  the   segment 
distributions  are  significantly  skewed,  while  only  six  depart  significantly  from  the  mesokurtic 
condition,  three  being  platykurtic   and  tliree  leptokurtic .     Considering  both  measures  of  non- 
normality,    only  eight  of  the  29  distributions  within   sample   segments  can  be  called  normal 
distributions. 
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Figure  3.  --Estimates  of  the  P^  coefficient  plotted  over  corresponding  sample  segment  mean  age. 
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Figure  4,  --Estimates  of  the  P^  coefficient  plotted  over  corresponding  sample  segment  mean  age. 


Definite  trends  of  both   0,    and  ^9  with  age  can  be   seen  in  figures   3  and  4.     Because  of 
these  trends,  the  probability  attached  to  a  point  one  standard  deviation  from  the  mean  in  each 
distribution  will  vary  with  age.     Consequently,  the  Osborne -Schumacher  method  could  not  be 
used  without  modification.     In  a  series  of  skewed  distributions  such  as  this,  the  mean  will  not 
be  located  at  the  same  point  of  probability  in  each  distribution.     The  median,  however,   is  by 
definition  the  50 -percent  probability  point  in  any  distribution;   if  the  distribution  is  symmetrical, 
the  mean  and  the  median  coincide.     Because  the  distributions  of  residuals  in  this  case  are  not 
symmetrical,  the  mean  curve  of  height  on  age  does  not  represent  points  of  equal  probability  at 
all  ages. 

Therefore,  under  the  previously  mentioned  assumptions  of  equal  representation  of  site 
quality  in  all  age  classes,    the  mean  curve  does  not  represent  a  true  height  growth  curve. 
Rather,    a  curve  fitted  to  the  medians,    or  50 -percent  probability  points,    of  the  within -segment 
distributions  should  describe  a  true  height  growth  curve  at  that  particular  level  of  site  index. 
Further,  this  curve  would  divide  the  population  of  forest   sites  into  two  parts,    half  being  of 
poorer  site  quality,  and  half  being  better. 


Figure  5  shows  a  skewed  frequency  distribution  typical  of  the  distributions  of  residuals 
within  sample  segments.     The  points  marked   .01,    .05,    .10,    .25,    .75,     .90,    etc.,   show  the 
points  in  the  distribution  below  which  1  percent,   5  percent,  75  percent,  etc.,   of  the  forest  sites 
in  the  population  are  expected  to  fall.     All  of  the  distributions  of  residuals  in  the  29  sample 
segments  could  be  adequately  described  by  Pearson's   system  of  frequency  curves  (4).     All 
except  one  of  the  distributions  are  of  Type  I  or  Type  IV  (fig.  6). 
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Figure  5.  --A  skewed  frequency  distribution  typical  of  the  distribution  of  residuals  within  sample  segments. 


Figure  6. --Showing  the 
types,  according  to 
Pearson's  system, 
of  the  29  within- 
segment  distribu- 
tions of  residuals. 
Number  beside  each 
plotted  point  identi- 
fies the  sample 
segment  from  which 
it  came. 
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Nine  percentage  points  of  the  distribution  of  heights  within  each  age  group  were  estimated 
using  the  tables  of  probability  percentage  points  for  Pearson's  frequency  distributions  (7). 
These  points  represent  the  heights  such  that  1,   5,    10,   25,   50,  75,  90,   95,  and  99  percent  of  the 
trees  in  each  sample  segment  were  shorter  than  the  particular  limit.    The  relative  locations  of 
these  percentage  points  are  shown  in  figure  5. 

Heights  at  the  several  different  probability  levels  were  computed  in  the  following  manner 
for  each  sample  segment: 
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1.  For  a  given  probability  level,  the  distance  from  the  mean  in  standard  units  was  found 
from  the  probability  tables  (7).     Call  this  distance  a . 

2.  Multiply  OL  by  S,  which  is  the  standard  deviation  of  residuals  within  the  sample  seg- 
ments. 

3.  A  height  corresponding  to  the  mean  age  of  the  sample  segment  was  predicted  using  the 
equation  for  the  mean  height  over  age  curve  (fig.  3).     Call  this  predicted  mean  height  H- 

4.  Call  the  mean  residual  of  the  within -segment  distribution  A  . 

5.  Then  the  height  associated  with  this  particular  probability  level  (p)  in  the  i       sample 
segment  is: 

H.     =  H  +  A+  a-S  . 

In  addition  to  the  nine  heights  determined  in  this  way,  heights  were  obtained  for  the  37.5 
and  the  62.5  probability  percentage  points  from  the  third  and  fifth  octiles  of  the  residual 
frequency  distribution  within  each  sample  segment.    This  means  of  estimation  is  somewhat  less 
precise  than  the  procedure  followed  for  the  other  nine  height  estimates.     Nevertheless,    it  is 
unbiased. 

FITTING  CURVES  TO  EACH  SERIES  OF  PROBABILITY  PERCENTAGE  POINTS 

For  all  sample  segments,  the  heights  associated  with  a  particular  probability  level  were 
plotted  over  segment  mean  age.    The  curve  drawn  through  the  plotted  points  was  either  above  or 
below  the  median  curve,  depending  upon  its  probability  level.    It  was  not  necessarily  propor- 
tional to  the  average  curve;   in  fact  it  was  not  proportional  for  any  of  the  11  probability  levels. 
Yet  no  mathematical  artifacts  prohibited  proportionality  if  the  data  had  so  indicated.     Curves 
derived  in  this  manner  for  the  10-,    50-,    and  90 -percent  probability  levels  are  shown  in  figure 
7.    To  avoid  confusion,  curves  for  the  other  probability  levels  are  not  shown,  but  their  appear- 
ance is  quite  similar.    Nevertheless,  the  11  curves  differ  in  shape  enough  to  indicate  polymor- 
phism that  should  be  preserved  in  the  final  system  of  curves. 


3 

This  means  that  the  distribution's  standard  deviation  is  1.0.     Thus,  a  distance  from  the  average  of 
1.5  or  2.3  means  1.5  or  2.3  times  as  far  from  the  average  as  the  standard  deviation. 

Recall  that  the  mean  curve  of  height  on  age  was  fitted  to  the  entire  distribution  of  tree  ages  and 
heights.    Therefore,  there  is  no  reaoon  to  expect  that  the  mean  residual  within  a  sample  segment  will  be 
zero. 
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SITE      INDEX      C  URVES       FOR 
INLAND      D  OUGLAS-FIR 
IN      THE 

NORT  HERN       AND      CENTRAL 
ROCKY         MOUNTAINS 


HOW  TO  USE  SITE  INDEX  CURVES 

1.  To  estimate  the  average  site  index  for  a  stand  of  inland  Douglas-fir,  measure 
total  age  and  total  height  of  trees  that  are  in  the  dominant  portion  of  the  stand. 
Site  trees  should  appear  to  have  been  in  the  dominant  stand  throughout  their 
lives  without  having  suffered  top  damage  that  inhibited  height  growth.    The 
number  of  sample  trees  necessary  to  give  any  stated  precision  of  estimate 
will  depend  on  the  variance  in  site  index  between  trees  in  the  stand.    This  is 
influenced  by  the  size  of  the  stand  and  the  degree  of  its  heterogeneity  in  site 
quality. 

2.  Using  the  curves  on  the  other  side  of  this   sheet,    or  figure   11   or  table  3 
in  Research  Paper  INT-47  from  which  this  sheet  was  taken,  estimate  a  site 
index  value  for  each  sample  tree.    (For  computer  applications,  either  of  the 
equations  on  pages  20-22  of  INT-47  can  be  used.) 

3.  The  average  site  index  for  all  sample  trees  will  be  the  best  estimate  of  average 
site  index  for  the  area   sampled  if  selection  of  site  trees  was  random  with 
respect  to  site  quality. 
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Figure  7.  --Curves  of  height  over  age  for  the  10,  50,  and  90  percentage  of  probability  levels. 


The  growah  function  that  was  used  for  the  mean  height -age  curve  was  fitted  to  each  of  the 
11  equal -probability  level  curves.    The  estimates  of  the  coefficients  a,  b,  k,  and  m  obtained 
for  these  curves  are   shown  in  table  2,    where  the  different  curve  levels  are   identified  by 
the  percentage  of  trees  expected  to  have  a  lower  site  index.    Note  that  the  value  of  the  coefficient 
m  remained  at  the  value  used  to  start  the  iterative  fitting  process  in  several  cases.    Evidently, 
this  coefficient  is  quite  poorly  determined  when  there  is  as  much  variation  around  the  curve  as 
there  was  in  these  cases,  and  no  observations  exist  in  the  neighborhood  of  the  curve's  inflection 
point.    According  to  Richards  (11),   it  is  the  m  coefficient  that  determines  the  inflection  point  of 
the  sigmoid  curve  described  by  this  grovrth  function. 

Using  tlie  coefficients  given,  each  curve  was  solved  for  height  at  an  age  of  50  years.    This 
assigned  a  site  index  to  each  curve  and  to  the  set  of  points  to  which  the  curve  was  fitted.     The 
root  mean  square  residual  of  the  points  derived  from  probability  percentages  fcjr  each  of  the  1  1 
curves  follows: 


Percent 
0.01 

.05 

.10 

.25 

.375 

.50 

.625 

.75 

.90 

.95 

.99 


Feet 
2.48151 
1.97699 
2.10783 
2.41299 
2.68735 
2.3^172 
2.97846 
2.49292 
2.9  1963 
3.42081 
5.86715 
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Table  2.  --Coefficients  and  estimated  site  index  of  eleven  polymorphic 

height  over  age  curves 


Probability 

level 
(percent) 


Coefficients 


m 


Site 
index 
(feet) 


0.01 

39.0055 

0.940887 

0.0194496 

0.436483 

17.87440 

.05 

45.5291 

1.30145 

.0229012 

.1 

25.13584 

.10 

50.6858 

1.24789 

.0230806 

.1 

29.07733 

.25 

60.3456 

1.07016 

.0270850 

.308415 

37.81088 

.375 

67.1239 

1.0 

.0290830 

.398600 

43.19466 

.50 

73.9369 

1.16358 

.0278033 

.191505 

48.42383 

.625 

80,9312 

1.04128 

.0308835 

.398600 

53.27936 

.75 

89.6517 

.934803 

.0290830 

.398600 

59.51743 

.90 

106.2990 

.848792 

.0267493 

.398600 

69.90275 

.95 

117.9460 

.967460 

.0232968 

.175890 

76.26919 

.99 

139.7280 

.770341 

.0209054 

.323633 

87.53819 

HARMONIZING  THE  SYSTEM  OF  SITE  INDEX  CURVES 

For  each  of  the  four  growth  function  coefficients,  the  11  different  values  shown  in  table  2 
were  plotted  over  the  corresponding  site  index  assigned  to  that  curve,  resulting  in  the  scatter 
diagrams  shown  in  figure  8.    Apparently  there  was  no  trend  of  the  coefficient  m  with  site  index. 
Coefficients  a,  b,  and  k,  however,   showed  correlation  witli  site  index.    The  expressions  best 
relating  the  coefficients  to  site  index  seemed  to  be: 


f^(S) 


Pq  +  P^S  +  P2S 


f2(S)  =b=qQ  +  q^S 


f    (S)  =  k  =  exp(r    +  r  S  +  r  S  )  where 


(2) 
(3) 
(4) 


S  =  site  index. 


Then,   assigning  a  site  index  to  each  set  of  points  bearing  the  same  probability  level,  the  function 

H  =  f^  (S)  •  {l  -  f2  ^S)  •  exp  [f3(S)-A  ]|  ^^^""^ 

was  fitted  to  all   319  of  the  points  from  which  the   series  of  11  curves  had  been  derived.   The 

fitting  was  done  by  the   same   iterative  numerical  process  as  was  used  for  the  less  complex 

function.     Each  of  the   31^^  points  was  assigned  a  weight  proportional  to  the  number  of  sample 

trees  in  the  sample   segment   in  which  the  point  was  located  and  inversely  proportional  to  the 

residual  sum  of  squares  about  the  curve  to  which  the  point  belonged.    That  is: 

2 
W    a  N    /  y;  res     .,    where 
ij       i  J 

W. .  =  the  weight  of  the  point  located  at  the  j      probability  level  in  the  i      sample  segment. 

th  , 

N     =  the  number  of  site  tree  observations  in  the  i      sample  segment, 
i 

2  th 

Z  res    •  =  the  sum  of  squared  residuals  about  the  curve  at  the  j      probability  level. 
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is: 


The  equation  finally  obtained  that  expressed  tree  height  as  a  function  of  age  and  site  index 


,  . ,  ,  1/1 -m 
H  =  a  [l-b'exp(-  kA)  ]      ,  where 

9 

a  =  20.618  +  0.864711-S  +  0.00529738-S" 

b  =  1.40694  -  0.0042396-S 

k  =  exp(-4. 14672  +  0.017648-S  -  0.000161345-S^) 

m  -  .05730421 


(5) 
(6) 
(7) 
(8) 


The  relationships  between  coefficients  a,  b,   and  k,   and  site  index,  as  they  exist  in  the  final 
equation,    are   shown   in  figure  9.     The  coefficient  m  remains  the  same  for  all  levels  of  site 
index.    Curves  generated  by  this  equation  are  shown  on  the  heavy  tearout  sheet  at  the  center  of 
this  paper.     These  are  the  completed  site   index  curves.     Table   3  gives  height  as  estimated 
from  these  curves  according  to  total  tree  age  and  site  index. 


Table  3 .  - 

-Height  of  trees 

in  the 

dominant  stand  by 

age  and 

site  index 

Total 
age 

Site  index 

(years) 

:   20 

:    30    : 

40 

:   50   : 

60 

:   70 

:   80   : 

90 

'Feet 

20 

4 

9 

14 

—  —  —  —  X  V_V_L   —  —  - 

20 

26 

32 

38 

44 

30 

11 

18 

25 

32 

40 

48 

55 

62 

40 

16 

24 

33 

42 

51 

60 

69 

78 

50 

20 

30 

40 

50 

60 

70 

80 

90 

60 

23 

34 

45 

56 

67 

78 

89 

100 

70 

26 

38 

49 

61 

72 

84 

96 

108 

80 

29 

41 

53 

64 

76 

89 

102 

115 

90 

30 

43 

55 

67 

79 

92 

106 

121 

100 

32 

45 

57 

69 

82 

95 

110 

125 

110 

33 

46 

59 

71 

84 

98 

113 

129 

120 

34 

47 

60 

72 

85 

99 

115 

132 

130 

35 

48 

61 

73 

87 

101 

117 

134 

140 

36 

49 

61 

74 

87 

102 

118 

136 

150 

36 

49 

62 

75 

88 

103 

119 

138 

160 

37 

50 

62 

75 

89 

103 

120 

139 

170 

37 

50 

63 

76 

89 

104 

121 

140 

180 

37 

51 

63 

76 

89 

104 

121 

141 

190 

37 

51 

63 

76 

90 

105 

122 

141 

200 

38 

51 

63 

76 

90 

105 

122 

142 
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TESTING  CURVES  FOR  INDEPENDENCE  OF  AGE  AND  SITE  INDEX 

Lacking  additional  data,  only  a  test  of  consistency  between  subregions  was  possible.  To 
do  this,  a  site  index  based  on  the  newly  developed  curves  was  assigned  to  each  tree  in  the 
sample.  Then  the  trees  were  separated  into  five  groups  according  to  the  geographic  subregion 
from  which  they  were  drawn. 

TESTING  WITHIN  EACH  SUBREGION 

Within  each   areal   group  and  within  all  groups  combined,    an  attempt  was  made  to  find 
significant  trends  of  estimated  site  index  with  tree  age  by  fitting  the  equation: 

S  =b    +b  A +b  A^  +b  A'^  (9) 

to  the  joint  distribution  of  tree  age  (A)  and  estimated  site  index  (S).  The  multiple  correlation 
coefficients  thus  obtained  for  data  from  stibregions  I,  III,  IV,  and  V  failed  to  indicate  significant 
difference  from  zero  at  the  95 -percent  probability  level.  Therefore,  the  hypothesis  that  there  is 
correlation  between  tree  age  and  estimated  site  index  was  rejected  for  these  subregions,  and  the 
two  were  assumed  independent. 

In  the  data  from  subregion  II,    however,    it  appeared  that  correlation  between  age  and 
estimated  site  index  did  exist.     The  source  of  this  correlation  was  further  traced  to  the  data 
from  six  National  Forests  in  central  Idaho.     This  implied  that  height -growth  curves  of  inland 
Douglas -fir  have  the  same  shape  for  a  given  level   of  site  index  throughout  the  northern  and 
central  Rocky  Mountains  except  in  a  relatively  small  area  of  central  Idaho. 

EFFECT  OF  OVERSTORY  COMPETITION 

Experience  with  Douglas -fir  in  central  Idaho  indicated  that  in  at  least  part  of  the  area  this 
species  is  largely  found  in  the  understory.      Often  it  takes  the  form  of  a  younger  stand  coming 
up  beneath  old -growth  ponderosa  pine.     Competition  from  an  over  story  may  have  thus  changed 
the  shape  of  the  typical  growth  curve  somewhat. 

Supporting  this  possibility  was  the  fact  that  the  correlation  between  age  and  estimated  site 
index  was  present  to  the  greatest  extent  in  trees  less  than  70  years  old.    On  the  average,  these 
trees  were  not  as  tall  for  their  age  as  was  expected.     Competition  may  have  reduced  the  height 
growth  of  young  trees  in  some  areas  but,   if  so,  then  the  reduction  in  diameter  growth  should 
have  been  even  greater.     It  is  common  knowledge  that  diameter  growth  is  more   sensitive  to 
competition  than  height  growth.     This  made  possible  a  statistical  test  to  determine  whether  or 
not  competition  was  more  severe  for  young  trees  in  the  six  National  Forests  studied  than  it  was 
for  young  Douglas -fir  trees  throughout  the  rest  of  the  northern  Rocky  Mountain  area. 

For  the  test,  all  trees  in  the  sample  70  years  old  or  less  were  separated  into  two  groups 
according  to  the  area  from  which  they  were  drawn.  Trees  from  the  areas  where  competition 
was  thought  to  have  inhibited  height  growth  comprised  one  set  of  data,  and  trees  from  all  other 
areas  comprised  the  other.    To  each  set  of  data  was  fitted  the  equation: 

In  H  =  b    +  b    In  D,  where 

In  H  =  Naperian  logarithm  of  total  tree  height 

In  D  =  Naperian  logarithm  of  d.b.h. 

b      b    =  regression  coefficients 


Communication  from  Charles  A.  Wellner,  Assistant  Director,  Intermountain  Forest  and  Range 
Experiment  Station. 
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The  results  are  shown  m  fij^ure  10.     l^he  two  regression  e(|uaiions  (jbiauieti  are  signili- 
canlly   different   at   the   '')5-percent  confidence  level.      It  can  be  seen  that  trees  in  cc-ntral  Idah'i 
usually  have  a  smaller  d.b.h.   for  the  same  height.     Tins  indicates  that  trees  measured  as  site 
trees  were    indeed  subject  to  greater  competition  in  parts  of  central  Idaho  than  elsewhere.      It 
does  not  mean  that  better  site  quality  had  produced  more  rapid  height  grmvih  - -lience  better  tree 
form  - -because  these  trees  were  sh(;rter  than  expected.     The  site  seems  to  Ix'  acuialh'  bcHL-r 
than  y(jung  trees  would  indicate. 

If  the  foregoing  can  l:)e  accepted  as  the  reason  for  lack  of  indepeiuience  between   age  and 
estimated  site  index  (;n  six  X'alional  Forests,    then  it  can  be  assumed  that,    but  for  the  pressure 
of  overstory  competit  ion   on  these  particular   Forests,    tlie   height  gr(.)wth  curves   wcjuld  lie  the 
same  as  they  are  elsewhere  in  the  northern  Rocky  Mountains.    This  assumption  was  made,   and 
the  system  of  curves  published  here  is  recommended  for  use  thrcjughout  the  area. 

The  foregoing  discussion  might  give  rise  to  two  questions:     (a)   what  biasing   influence 
could  the   inclusion   of   subregion   II  data  have  had  on  the  system  (;f  site  index  curves  so  far  as 
their  use  in  other  subregions  is  concerned?    and  (b)  why  were  trees  which  had  been  affected  by 
competition  measured  as  site  trees  in  the  first  place? 

The  answer  to  the  first  question  is  that  although  some  biasing  effect  would  seem  ine\ital)le, 
statistical  tests  failed  to   show  that  age  and  estimated   site   index  were  not   independent. 
Therefore,    any  bias  in  the  curves  would  be  of  little,   if  any,  practical  consequence.    The  second 
question  can  only  be  answered  by  pointing  out  that   Forest   Survey  crews  were  obliged  by  field 
sampling  rules  to  measure  Douglas -fir   site  trees  on   or  near  the  sample  plot   so  long  as  the 
stand  was  predominantly  Douglas -fir  by  basal  area,  even  though  the  Douglas -fir  may  have  been 
mostly  in  an  understory  position. 

ESTIMATION  EQUATIONS  FOR  USE  IN  COMPUTER  PROGRAMS 

The  equation  that  expresses  tree  height  as  a  function  of  age  and  site  index  cannot  be 
readily   solved  for   site   index  given   age  and  height.     The  numerical   procedure  necessary  to 
achieve  a  solution  would  probably  not  converge  to  a  solution  rapidly  m  many  cases  and  would 
thus  require  an  excessive  amount  of  computer  time.     Table  lookup  procedures  require  the 
storage  of  a  table  in  the  computer  memory  core,    which  has  definite  disadvantages,    including 
the  necessity  for  interpolation  between  cells  of  the  table.     Interpolation  in  a  nonlinear  system 
can  lead  to  inaccuracies. 

For  these  reasons,    it  was  decided  to  devise  a  means  by  which  site  index  could  be  com- 
puted directly  from  age  and  height.     To  do  this,    a  regression  equation  was  developed  that 
approximated  the  surface  of  site   index  over  age  and  height.     The  surface  was  generated  from 
the  equation  of  height  over  age  and  site  index  (equation  5).     Figure  I  1  shows  site  index  plotted 
over  height  for  several  diiferent  age  levels.     At  age  50,    site   index   is   identically  equal  lo 
height,    because  50  years  is  the   index  base   age   of  the   system   of  curves.      It   was  found  that 
equations  of  the  form: 

S  =b^j  +  b^ll  +b2H^  +  bTl'^  +  ^4^^  C^') 

gave  the  best  fit  for  most  ages,    including  age   50,    where  b     has  to  equal    unity  ^md  all   other 
coefficients  are   zero.     Fitting  this  equation  to  the  curves   of   site  index  over  height   for  each 
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Figure  U.  --The  relationship  between  site  index  and  height  for  several  different  ages. 
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age  between  20  and  200,   inclusive,  resulted  in  LSI  sets  of  coefficients.     Plotted  over  age,  these 
coefficients  showed  very  definite  trends,  which  could  be  described   by  the  equations: 

b^  =c,(A"2-50"2)+c.    rA"2-^-50"--'Vc.(A"^^-^50''^-^)  (11) 

U         1  —  J 

+  c,(A^-50^)  +c.(A'^-50^'') 

b     -  1  =k,  (A'^-^-50"^-'^+k^(A"'^-50'^)+k,,(A"^-50'^  (12) 

11  2  ■:> 

4        4 
+  k,(A    -50  ) 
4 


b2=p/A"^-50"^)  +p2(A'^-50"-)+Pg(A-50) 
b3=q^(A"^-50"S+q2(A'^-50'-)+q,^(A^-^--50^-^^ 
+  q^(A^-50^ 


(13) 
(14) 


b,  =r,(A'^-50'2)+r   rA^"^-50^-^  (15) 

4         1  ^ 

If  these  equations  are  conditioned  to  pass  through  the  origin  as   shown,    the  necessary  coeffi- 
cient values  at  age  50  are  nnaintained.     Substituting  the  equations  for  the  b.  coefficients  into 
equation  (10)  and  adding  tree  height,   an  equation   is  obtained  that  expresses    site   index  as  a 
function  of  age  and  height.     The  final  site  index  approximating  equation  is: 

S  =  H  +Z    b.X.,   where  (16) 

1=1     1    1 

S  =  site  index  in  feet  of  total  height  at  a  total  tree  age  of  50  years. 
H  =  total  height  of  a  sample  tree. 
A  =  total  age  of  a  sample  tree . 


Satisfactory  expressions  for  the  coefficients  were  derived  from  regression  analysis.    In  fitting  the 
necessary  regressions,  all  variables  that  contained  a  negative  integer  power  of  age  were  scaled  to  avoid 
subtraction  of  two  very  small  numbers.    If  a  variable  was  A"   ,  for  example,  it  would  have  been  input  to  re- 
gression as   [(10     A''^)-2    ]  .     The  subtraction  of  2^^  makes  the  value  of  the  variable  equal  to  zero  at  age  50. 
All  variables  in  the  equation  were  so  treated  as  to  equal  zero  at  age  50;  therefore  at  age  50 --the  index  base 
age --site  index  equals  height. 
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1  1 

b     =  0.409,S4664E+02'^  X  ^  =  (A    '-.=>()   ■■^) 

-2.S        -2.=), 
b„  = 0.45211527E+04  X     = (A  -50  ) 

2  ^ 

b,  =0.  12305938E-K)6  X..  =(A"'  "  -SO   '  •^) 


3     =  -0.533286S2E-08  X, 

4  ■* 


b_  =  0.37808033E-10  X^  =  (A'^-SO'  ) 


D 


5 
6  --•-  —  -—'--  "b 


b     =  0.21664J52E-K)3  X,    =H(A"   -'-.SO'    •"') 


-4         -4 

b     =  -0.  J581214^)E-K)b  X^=11(A      -SO     ) 

b     =0.18940308E-K37  X     =  H(A"'"'-S0   '^) 

8  8 


4        4 
b,  =  -0.10230592E-0Q  X,^  =  H(A    -50  ) 


'9  ~  --•^-^^--^--  -'  "9 

.       =  -0.60686 119E401  X^^ 


2      -5        -5 
b    ,  =  -0.25351090E4O5  X,,  =H   (A      -50     ) 


11  -— -^-'--'-^  11 

I       =0.335128S8E-04  X 

12  12 


b       =0.170247  HE -02  X,.    -ll'(A      -SO     ) 


'13""-''    ""^  13 

I    ,  =0.39836720E4<)3  X 

14  14 


b,.  =  -0.88665409E-08  X  ,  ^  =  H' (A    "-50    ") 


'15  "  --•°°-— —  -"  15 

)       =0.40019102E-14  X^^^ 


.5,       ' 


b       =  -0.4692Q245E-08  X^^  =H   (A   ^ -50   ') 

b  ,   =  -0.166406S9E-20  X       =H'(A    "'^-50    ") 

18  18 

The  standard  error  of  estimate  and  coefficient  of  multiple  determination  for  this  expression  are, 
respectively, 

S       =  0.238673  foot  of  site  index 
yx 

R^  =0.999936 


Here  the  letter  E  followed  by  a  sign  and  two  digits  means  that  the  number  preceding  the  E  is  to  be 
multiplied  by  10  raised  to  the  power  of  the  two  digits.  Tliat  is,  nE+02  means  n  X  lO^;  nE-01  means  n  X 
10"! ,  where  n  is  the  decimal  fraction  preceding  the  E. 
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If  a  shorter  equation,  with  less  precision,   is  desired,  the  following  may  be  used: 

5 
S  =  H  +  2     C.Y.,    where  (17) 

1=1     11 

i  i 

c     =0.10108708E+03  Y^  =  (A"^ -so'^) 

c     =0.12204763E+03  Y     =  H(A"^  *  ^-50"^ " '^) 

c     -0.14082397E-12  Y,^  =  H(A    -50'^) 

c     =  -0.13140717E+O5  Y^  =  H^(A'^-50'^) 

c     =0.13492191E-04  Y     =  H^(A"'^-50''^) 

For  this  equation  S       =  0.904479  and  R^  =  0.999080. 

yx 

These  equations  are  valid  for  ages  from  20  to  200  years  and  for  site  indices  from  10  to 
110.    The  site  index  of  trees  older  than  200  years  should  be  estimated  as  if  age  were  200. 

HOW  TO  USE  THIS  MATERIAL 

To  estimate  the  average  site  index  for  a  stand  of  inland  Douglas -fir,  measure  total  age 
and  total  height  of  trees  that  are   in  the  dominant  portion  of  the  stand.     Site  trees  also  should 
appear  to  have  been  in  the  dominant  stand  throughout  their  lives.     The  number  of  sample  trees 
necessary  to  give  any  stated  precision  of  estimate  will  depend  on  the  variance  in  site  index 
between  trees  in  the  stand.    This  is  influenced  by  the  size  of  the  stand  and  its  heterogeneity. 

Estimate  a  site  index  value  for  each  sample  tree  by  using  any  one  of  the  following: 

1.  The  curves  on  the  tearout  page. 

2.  Figure  11  on  page  19. 

3.  Table  3  on  page  14. 

4.  Either  equation  16  on  page   20  or  equation  17  on  this  page. 

Compute  the  average  of  the  site  index  estimates  for  each  sample  tree.     This  average  will  be 
the  best  estimate  of  site  index  for  the  area  sampled. 
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lllGIi -TEMPERATURE  DRYING  OF  LUMBER- -A  REVIEW 


The  worldwide   research  effort   devoted  to  the  liigli-teniperalure   tirying  of  wood  has  con- 
tributed greatly  to  our  understanding  of  this  process.     However,   liie  pertinent   information  is  so 
widely  scattered  that  much  of  it  may  be  inaccessible  to  many  persons. 

The  object   of  this   report    is  to   summarize  present   knowledge  on  the  convective   high- 
temperature  drying  of  lumber  and  to  indicate  existing  gaps  in  this  knowledge.     A  report  entitled 
"Bibliography  of  high -temperature  drying  of  lumber"  (26)    lists  practically  all  of  tho  publications 
on  which  the  present  report  is  based.     The  drying  of  veneer  and  high -temix-rature  drying   using 
other  methods  of  heat  transfer,    such  as  hot  platens,   hot  oil,   and  iiigh -frec|uencv  energy  are  not 
discussed. 

The  term   "high -temperature  drying"   when   applied  to  the  drying   of  lumber   includes  two 
processes  carried  out  with  the  dry-bulb  temperature  above  the  boiling  point  of  water.     In  one. 
the  superheated  steam  process,   the  wet -bulb  temperature  is  maintained  ai  212     V  .    (100     c'.). 
and  air  is  excluded.     In  the  other,   a  mixture  of  air  and  steam  is  used  and  the  wet  -bulli  temper- 
ature is  below  212''"  F.    (100"'  C.).     The   present  commercial   practice    in  this  country  is  to  use 
a  mixture  of  air  and  steam;  however,   this  process  is  based  on  earlier  use  of  superheated  steam 
as  the  drying  medium. 

HISTORICAL  DEVELOPMENT 


An  early  patent  for  an  "Apparatus  for  drying  and  seasoning  lumber  bv  superheated  steam" 
was  granted  to  C .  F.    Allen  and   Luther   W.    Campbell    (2)    in    1867.     The   use   of   superheated 
steam  was  proposed  again  in  1875  by  Bulygin  (1)  of  Russia;  in   l8'-)7  by  Mollei"  and  Pfeiffer  (2'-)) 
in  Germany;   and  in  1918  by  Tiemann  (36)  of  this  country.     As  a  result  of  Tiemann's  work,    a 
few  superheated  steam  kilns  were  installed  and  operated   in   the   Pacific    Northwest    for  the 
commercial  drying  of   softwoods.     These  kilns  did   not   contain    fans,    instead  circulation   was 
achieved  by  steam  jets.     Rapid  deterioration   and  high   maintenance  costs   of  tiie   kilns  forced 
their  abandoninent . 

According  to  Egner  (7),   dry  kilns  capable  of  operating  in  the  high -temperature  range  were 
availalDle  in  a  few  European  countries  in  U'.^O.     These   kilns  corroded  excessively  and  did  not 
produce  quality  material,   especially  with  green  hardwood  species. 


Numbers  in  jiarentheses  refer  to  Literature  Citcil  at  end  of  this  paper 


Fischer  and  Czepek  (9)  pioneered  development  of  the  present-day  high -temperature  dry 
kilns  durmg   1939  to   1944  when  they  carried  out  a  number  of  experiments  using  small  electri- 
cally heated  kilns.     Fans  provided  air  circulation  and  the  test  material  was  heated  in  a  satura- 
ted atmosphere  before  the  drying  process  was  started.     They  achieved  astonishingly  short 
drying  times  for  coniferous  species  at  temperatures  of  248°  F.  (120°  C).     After  World  War 
II,  other  German  scientists  studied  hot-air  drying  and  developed  commercial  equipment  based 
upon  the  work  of  Fischer  and  Czepek. 

FUNDAMENTAL  ASPECTS 

High -temperature  drying,   as  practiced  today,   is  fundamentally  no  different  than  kiln  dry- 
ing at  any  other  temperature .     It   is  simply  a  batch-type,    forced  convection  drying  process. 
However,  the  relative  importance  of  various  parameters  changes  with  temperature  and  failure 
to  recognize  these  changes  has  led  to  some  confusion  about  high -temperature  drying. 

The  Stages  of  Drying 

Several  investigators  have  observed  two  or  three   stages   in  high -temperature  drying. 
These   stages  have  been  based  on  the  drying  rate  and  the  wood  temperature.     KoUmann  and 
Schneider  (20)  present  an  excellent  summary  of  three  stages. 

The  first   stage  of  drying --the  constant  rate  period --occurs  only  if  the   initial  moisture 
content  of  the  wood  is  above  the  fiber -saturation  point.     Evaporation  takes  place  at  the  surface 
and  the  drying  rate  depends  only  on  the  external  drying  conditions --temperature,    relative 
steam  content,  and  the  velocity  of  the  drying  medium.     The  drying  rate  can  be  calculated  by 
using  the  rate  of  heat  transfer,    because  heat  and  mass  transfer  must  be  equal  during  the 
constant  rate  period.   The  length  of  time  during  which  constant  rate  drying  takes  place  depends 
on  the  ability  of  the  wood  to  supply  liquid  to  the  surface . 

During  the  constant  rate  period,    the  wood  temperature  does  not  exceed  the  wet -bulb 
temperature,   212°  F.,  in  pure  steam  at  atmospheric  pressure. 

When  the  wood  can  no  longer  supply  water   so  that  free  water  is  present  over  all  of  the 
surface,  the  drying  rate  slows  down  and  surface  temperature   starts  to  rise  above  wet -bulb 
temperature.     This  marks  the  begmning  of  the   second   stage  of  drying,    frequently  called  the 
falling  rate  period. 

Heat  transfer  into  the  wood  and  vapor  movement  out  of  the  wood  control  the  drying  rate. 
It  is  believed  that  a  zone  of  evaporation  is  formed  inside  the  wood  and  that  this  zone  moves 
from  the  surface  toward  the   interior  as  drying  proceeds.     The  increasing  distance  from  the 
surface  increases  the  resistance  to  heat  and  moisture  flow,    explaining  the  falling  rate  that  is 
observed.    The  temperature  and  pressure  at  various  depths  inside  the  wood  will  depend  on  the 
relative  ease  of  heat  and  mass  transfer  and  the  moisture  content  at  the  depth  of  interest. 

When  the  wettest  portion  of  the  wood  falls  below  the  fiber -saturation  point,    the  third 
stage  of  drying  begins.     This  is  also  a  falling  rate  period.     The  third  stage  continues  until  all 
of  the  wood  is  in  equilibrium  with  the  drying  atmosphere. 


The   second  and  third  stages  are  discussed    in   detail  by  KoUmaii   and  SchiKidcT  (20)  anil 
ilann  (11). 

Moisture  MovL'menl 


Tieniann  (37)   pomtetl  out  tlial  llic  quickest  way  to   remove  free  water  from  wood  is  lo  licai 
the  material  above  the  boiling  temperature.     Tiie  free  water  than  vaporizes  as  rapidly   as  the 
necessary  heat  is  supplied  to  tlie  wood,     iiowuver,    the  hygroscopic   moisture  cannot  be  boiled 
off  and  evaporation  will  be  much  sk)wer  below  the  fiber-saturation  point.     Tiemann  also  stated 
that  the  temperature  in  the  wood  could  not  exceed  212     !•".   as  long  as  free  water  existed     if  the 
drying  was  done  at  atmospheric  pressure.     After  the   free   water  has  vapori/ed,   the  nuitenal 
temperature    will   begin  to   rise  until  ultimately  it  attains  the  temperature   of  the    superheated 
steam.     He  failed  to  state,  but  undoubtedly  realized,  that  tlie  pressure    in   the'   wooel  also  coulel 
not  exceed  atmospheric  pressure   if  the  temperature   m   the   wood   stayeei  at  212     h".  when  free 
water  was  present. 

Tiemann  pointed  out  that  the  evaporative  capacity   of  liie   sujierhe'ateel   steam  is  elepenelenl 
upon  the  amount  of  steam  contacting  the  lumber  and  the  number  of  degrees  the  steam  is  suj)er- 
heated.     If  the  drying  rate  is  slow  enough,   free  water  will  be  brought  to  the  surface'  by  ca|iillary 
flow;   however,    if  the  drying  rate'  is  too  rapid,    the  continuity  of  the  capillaries  will  be  broken 
and  free  water  flow  to  the  surface  will  cease.     After  capillary  waterflow  ce'ases,   water -\a|)or 
diffusion  becomes  the  e)nly  means  by  which  moisture  can  move  from  the  interior  to  the    surface-. 
The  chief  disadvantages  to  the  use   of  superheated   steam  are  the  extreme  speeel  with  which  it 
loses  its  superheat  and  becomes  saturated  and  the  large  amount  of  energy  requireel  to  heat  the 
lumber. 

However,   Czepek  (6)  states  that  when  woe^d  is  heated  above-  212"    F.  va|")or  ehffusion  occurs 
and  there   is  almost  no  capillary   movement  of  moisture.     The  movement  of  water  \apor   from 
inside  to  outside   is   also   facilitated  by  the  vapor  pressure  gradient  as  it  relates  to  the  elrying 
atmosphere.     He  hypothesized  that  the  flow  of  moisture  through  the  wooel  is  much  greater  at 
temperatures  above  212"  F.  than  at  temperatures  below  212"   F. 

According  to  Egner  (7),  however,  moisture  moves  through  the  wooel  by  both  vapor  eliffu- 
sion  and  capillary  forces.  He  cited  temperature  distribution  curves  oljtained  from  wooel  cross 
sections  as  proof  of  the  capillary  movement   of  water   in   wood  above   the'   fibe'r -satural  ion  point . 

Egner  also  states  that  high -temperature  drying  using  either  superheateel  steam  or  steam- 
air  mixtures  is  essentially  the  same   as  conventional   elrying.     However,    in   the   tempeTature 
range  above   212'   F.    the  term    relative   humidity   shoulel  be   useel   with   re\ser\ation   anel   he' 
proposes  the  term  "relative  vapor  content"  as  all  humidities  cannot  be  altaineel  in  this  tempera- 
ture range.     He  says  that   there   is  an  increasing  [elasticity  of  the  wood  at  high  temperature's, 
which  permits  adjustment  of  some  oi  the  drying  stresses.     As  a  result,    wooel,    so  eirieel,   fails 
to  develop  checks  anel  other  types  of  seasoning  degrade. 

Eciuilibrium  Moisture  Content 

Keylwcrth  ( 13)  investigated  the    relationship  between  wooel  moisture  content  anel  super- 
heated steam  in  the  temperature  range  above  212     F.  at  atmospheric  [iressure'  for  sjiruce  anel 
beech.    Also,   he  extrapolated  the  hygroscopic  isobars  for  temperatures  below  2  I  2"  i".    to  a 
temperature   of   266     F.     The   graph    indicated   that   a   lenipe'rature'   of   230     I-',    woulel   giw   an 


equilibrium  moisture  content  of  approximately  7  percent   in  pure   superlieated  steam.     He 
pointed  out  that  drying  by  superheated  steam  could  be  controlled  by  the  dry -bulb  temperature  at 
atmospheric  pressure,  because  the  wet -bulb  temperature  would  always  be  at  212°  F.     He  also 
recognized  that  an  absolute  pressure  differential  might  exist  between  the  interior  of  the  wood 
and  the  surface,  due  to  the  restriction  of  the  rate  of  vapor  movement  by  wood.     The  existence 
of  such  a  pressure  differential  could  influence  the  drying  rate. 

Koehler  (17)  presented  graphs  of  relative  humidity- equilibrium  moisture  content  for 
temperatures  up  to  212"  F.    Eisenmann  (8)  published  sorption  isotherms  for  the  range  above 
212°  F.  and  established  that  there  is  hygroscopic   equilibrium  in  this  range  at  normal  atmos- 
pheric pressure.     Kauman  (12)  also  developed  charts   of  the  temperature -relative -humidity - 
equilibrium  wood  moisture  content  for  temperatures  up  to  400°  F. 

External  Mass  and  Energy  Transfer 

KoUman  and  Schneider  (20)   studied  the   influence  of  circulation  rate  on  lumber  dried  in 
superheated  steam.    In  order  to  determine  how  velocity  influences  the  rate  and  mechanism  of 
drying,  they  carried  out  systematic  experiments  with  pure,    superheated  steam  and  with  a 
steam -air  mixture.    Velocities  ranged  from  230  to  2,  100  feet  per  minute.     For  the  first  stage 
of  drying  (constant  rate  period),  the  drying  rate  increased  as  the  0.5  to  0.6  power  of  the 
velocity.    In  the  following  stage  of  falling  drying  rate,  the  effect  of  flow  velocity  became  steadily 
smaller  but  remained  discernible  to  20 -percent  average  moisture  content.    Because  of  the  high 
heat  transfer  rates    needed  to  maintain  the  rapid  drying  rates  possible   m  high -temperature 
drying,    especially  durmg  the  constant  rate  period,    the  flow  velocity  is  of  much  greater  im- 
portance than  in  kiln  drying  at  normal  temperatures. 

EVALUATION  OF  HIGH -TEMPERATURE  DRYING 

Few  studies  of  high -temperature  drying  have  been  of  an  evaluation  type,    although 
much  information  has  been  gleaned  from  investigations  having  other  objectives.     There  is  a 
certain  risk  in  generalizing  from  knowledge  obtained  in  the  drying  of  a  particular  species  under 
particular  conditions.    However,   a  summary  of  this  information  should  be  of  value  to   those 
engaged  in  research, 

ADVANTAGES 

Probably  the  most  important  advantage  of  high -temperature  drying  is  the  speed  of  drying; 
only  about  one -fourth  of  the  usual  time   is  required  (35).     Thus  a   smaller  number  of  high- 
temperature  kilns  would  be  needed  to  dry  the  same  quantity  of  lumber,  which  also  will  give  a 
space  savings  (10). 

Another  advantage   is  the   savings  due  to  reduced  inventory.     Material  can  be  processed 
rapidly,  thereby  reducing  overhead  costs  and  the  necessity  of  maintaining  a  large  inventory  in 
order  to  satisfy  immediate  orders.     Inventory  reduction  would  also  mean  a  savings  in   space. 

Keylwcrth  (14)  has   stated  that  tlie  normal  energy  required  for   superheated  vapor  kilns 
is    1.2  to   1.5  kilowatt  hours  per  kilogram   (2,2  pounds)  of  water  evaporated,    while  low- 
temperature  kilns  require  2  to  4  kilowatt  hours  per  kilogram. 


Sliarma  and  I5ali   (33)  noted  a   significant   reduction    in   the   slirinkage  of  toon  - -a  iiieniher 
of  the   maliogany  family-  -dried  at   higii  temperature.      1'angential    slirinkai^e   was   reduced 
more  than  radial  shrinkage  and  volumetric    shrinkage   was  not  significan!  Iv  different .     Iliijii- 
temperature  drying  appeared  to  reduce  shrinkage    in   western   redcedar   siiingles  dried   ixlow 
10 -percent  moisture  content  (30). 

Many  investigators  have  reported  a  reduction  in  the  equilibriinii  moisture  coiuent  for  hi;^ii- 
temperature  dried  material.     Koehler  and  Pillow  (IS)  in   l'-)25  coin|-)ared  air-dried  Sitka  spruce 
test  specimens  with  specimens  that  had  been  exposed  to  220     V .  and  2S0"  F.  for  periods  up  to 
8  days.     They  noted  a   marked    reduction    in   ef(Uilibrium   m(.)isture  content    in   the   specimens 
heated  at  280"  F" . ,   and  a  like  reduction,   though  considerably  smaller,    m  the  sjiecimens  heated 
at  220^  F.     The  major  portion  of  the  reduction  occurred  during  the   first   3  days  of  treatment 
and  amounted  to  2  percent  for  the   material  dried  at  220°  F.  and  5.5  percent    for  the  material 
dried  at  280°  F.     Keylwerth  (13)  compared  the  equilibrium  moisture  content  of  material  dried 
in  pure  steam  at  240°  1^.  with  material  dried  at  150"  F.    In  a  normal  climate,  the  e(juilii:)rium 
moisture  content  for  the  wood  dried  at  240°  F.  was  10.4  percent  and  for  the  wood  chMed  at    150 
F.  was  12.2  percent. 

DISADVANTAGES 

The  disadvantages  of  high -temperature  drying  can  be  grouped  inttj  two  broad  categories, 
those  attributable  to  (a)  the  kjln,    and  (b)  the  quality  of  the  dried  material.     Among  the  disad- 
vantages attributed  to  commercial  kilns  are:   higher  initial  cost,    greater  power  requireuKni , 
and  a  greater  heating  capacity  (16).     Although  no  cost  data  are  available,    it  has  been  assumed 
that  costs  for  high -temperature  kilns  are  greater  because  of  the  need  for  higher  f|uaiity 
construction  material  to  reduce  heat  loss  and  resist  corrosion.    In  high-temiieraiure  dryinu,  a 
relatively  high  airspeed     is  required  to  rajiully  supply  heat   and  to  remove  the  water  brDUi^lu 
to  the  wood  surfaces   (23).     Such  airspeeds  call   for  more  installed  power  or,    perhaps,    the 
installation  of  additional   fans,    hence,    greater  costs.     Also,    greater  healing  capacity   is 
necessary  to  quickly  reach  and  maintain  the  desired  high  temperatures. 

The  quality  of  high -temperature -dried   material   entails  an   evaluation   of  the   physical, 
mechanical,    and  chemical   properties  of  the  material .      Probably  the  most  obvious  change    m 
high -temperature  dried  wood  is  in  the  coloration.     Many  investigators  have  commented  on  the 
fact  that  material  dried  above  212°  F.  becomes  a  light  brown  or   "toasty"   color.      If  the  mate- 
rial is  surfaced,   most  of  the  discoloration  is  removed.     Kollman  (1*-))  states  thai  this  discolora- 
tion is  affected  more  by  the   wood   moisture  content    and  the   drying   humidity  than   by  the   dry- 
ing temperature.     Another  change  in  physical  appearance  is  knot  ilropout.     Intergrown  knois 
are  not  affected  by  temperatures  above  212°  I-  .:    However,   encased  knots,    resulting  from  d^atl 
branches,   have  a  consistent  tendency  to  drop  out . 

Because  of  tlie  very  rapid  drying  in  high -temperature  kilns,   a  steep  moisture  gradient   is 
attained  during  the   drying  period  (34,   25,    15).     This  severe  moisture  gradu-nt  and  certain 
associated  drying  defects  make  this  tlrymg  method  unsuitable  for  the  drying  of  many  hartlwoods 
from  the  green  condition.     However,   air  or  predried  hardwoocis  ha\'e  been  satisfactorily  drietl 
at  high  temperature  (4).     The   moisture  grailieni  may  carry  o\'er  m  the  material  after  it    has 
been  removed  from   the   kiln   and   some  o(  the  time  achantage  accruing  through  iIr'   fast    drying 
may  be  lost  if  the  material  is  fully  conditioned.     The   rapid  tlrying   and   steep   moisture  graduni 
are  also  presumed  responsible  for  the  severe  casehardening  reported  by  Calvert  (3). 


It  is  recognized  that  exposure  of  wood  to  high  temperatures  for  moderate  periods  of  time 
or  to  moderate  temperatures  for  long  periods  of  time  can  effect  a  decrease  in  the  dry  weight 
of  the  wood  (28).     Koehler  and  Pillow  (18)    state  that  exposure  to  280°  F.    for  periods  up  to 
8  days  also  caused  a   5 -percent  reduction  in  specific  gravity.     Whether  such  a  reduction  in 
specific  gravity  occurs   in  high -temperature -dried  material,    where  the  exposure  time  at  a 
temperature  of  230°  F.  is  considerably  less,   is  not  Icnown. 

Practically  all  of  the  mechanical  properties  of  wood  have  been  used  to  evaluate  the  effects 
of  high -temperature  drying. 

Keylwerth  (13)  obtained  higher  average  values  for  modulus  of  elasticity,  maximum 
crushing  strength,  and  modulus  of  rupture  for  the  high -temperature -dried  material  than  for 
the  conventionally  dried  material.  However,  conventionally  dried  material  was  higher  in 
impact  strength  and  maximum  stress  in  tension  perpendicular  to  the  grain.  His  spruce 
material  was  dried  in  pure  steam  at  240°  F.  This  drying  condition  may  account  for  the 
discrepancy  between  these  results  and  later  investigations.  The  control  material  was  dried 
at  150°  F. 

Comben  (5)   stated  that   superheated  steam  drying  had  a  negligible  effect  on  the  strength 
properties  of  obeche,  abura,   and  Scots  pine.    Mahogany  had  an  appreciable  reduction  in  tough- 
ness and  impact  strength  as  well  as  an  increase  in  brittleness. 

Egner  (7),    working  with   spruce   in  Germany,    obtained  results  that   indicated  high- 
temperature  drying  had  no  effect  on  the  impact  bending  strength.     Leont'ev  et  al,  (24)  tested 
pine  dried  in  superheated  steam  at  212°  F.  and  obtained  approximately  a  7 -percent  reduction 
in  compression  parallel  to  the  grain,    work   in   impact  bending,   and  shear  along  the  grain.    In 
later  work,   Krecetov  and  Tsarev  (22)  determined  that  impact  bending  strength  was  reduced 
approximately  20  percent  after  exposure  for  26  hours  to  241°  F.,   28  percent  after  exposure  to 
230°  F.  for  28  hours,   and  32  percent  after  exposure  to  232°  F.  for  32  hours. 

Salamon  (31,   32),   and  Kozlik  (21)  have  studied  the  effects  of  high -temperature  drying  on 
Douglas -fir  and  western  hem.lock.     For  Douglas -fir  dried  in  superheated  steam,  as  compared 
with  conventionally  dried  Douglas -fir,   Salamon  obtained  reductions  in  fiber  stress  at  propor- 
tional limits  of  5  to   16   percent,    in  modulus   of  rupture  of  9  to   17  percent,    m  modulus  of 
elasticity  of  3  to  7  percent,   and  in  maximum  crushing  strength  of  8  to   13  percent.     For 
Douglas -fir  dried  in  an  air -steam  mixture,    the  reductions  were:  fiber  stress  at  proportional 
limit,  7  percent;   modulus  of  rupture,    13  percent",   modulus  of  elasticity,    8  percent;   and 
maximum  crushing  strength,    2.5  percent.     Salamon  obtained  significantly  higher  values  for 
the  high -temperature  dried  western  hemlock  than  for  the  conventionally  dried  western  hemlock. 

The  values  obtained  by  Kozlik  (21)  for  Douglas -fir  showed  a  25 -percent  reduction  in 
toughness  for  material  dried  at  215°  F.  and  at  2,30°  F.  as  compared  to  material  dried  at  90°  F. 
and  at  150°  F.    Modulus  of  rupture  values  showed  a  reduction  of  12  percent  in  material  dried 
at  90°  F.  as  compared  to  material  dried  at  215°  F.    However,  there  was  no  significant  differ- 
ence in  such  values  between  material  dried  at  90°  F.  and  material  dried  at  195°  F.    Radial  and 
tangential  shear  values  were  reduced  15  to  20  percent  for  the  material  dried  at  215°  F.  as  com- 
pared with  material  dried  at  90°  lo  150°  F.    Modulus  of  elasticity  was  least  affected  by  tem- 
perature, being  reduced  5  percent  between  material  dried  at  215°  F.  and  material  dried  at  150° 
F.    For  western  hemlock,  toughness  was  most  affected,  being  reduced  19  percent  in  tangential 
and  15  percent  in  radial  toughness  for  specimens  dried  at  230°  F.    Modulus  of  rupture  values 
were  reduced  12  percent  for  the  high -temperature -dried  wood.    Fiber  stress  at  proportional 


limii  was  slightly  affected  by  the  drying  temperature,   and  modulus  of  elasticity  values  iiad   a 
4-percent  reduction  for  the  230'  F.  compared  with  the  90°  F.  material. 

Calvert  (4)  reported  a  5-percent  reduction  in  modulus  of  rupture  after  high -temperature 
drying,  but  nt)  effect  on  toughness  m  red  and  white  piiK-.  Control  material  was  conveiuionall v 
kiln  dried.  For  eastern  hemlock,  there  was  no  difference  m  thi'  modulus  of  rup'ture  between 
the  high  temperature  and  the  conventionally  dried  material  and  toughness  values  were  greater 
for  the  high -temperature -dried  specimens.  Yellow  birch  and  hard  maple,  high -temperature - 
dried,   had  an  increase  in  all  strength  values. 

In  addition  to  mechanical  tests,    Egner  (7)   determined  that  high -temperature  drying  ditl 
not  adversely  affect  the  wear  and  tear  (a  special  test)  of  spruce.    He  was  able  to  glue  satisfac- 
torily high -temperature -dried  spruce  and  beech,  using  casein,   urea,  melamme,   phenol,  and 
resorcinol  adltesives. 

The  effect  of  high -temperature  drying  on  the  chemical  makeup  of  wood  has  also  been 
studied  by  Salamon  (31).     For  western  hemlock,  there  was  no  change  in  the   lignin  content  and 
only  a  slight  decrease  in  holocellulose  and  in  the  1 -percent  alkali -soluble  hemicellulose  m  high 
temperature -dried  material. 

MacDonald  and  Maclean  (27)  determined  that  western  redcedar  shingles  could  be  dried  at 
285^  F.  without  appreciable  degrade  on  the  chemical  extractives  that  contribute   to  their 
durability. 

SUMMARY 


Although  the  process  dates  back  to  the  last  half  of  the  19th  century,  the  high -temperature 
drying  of  lumber  has  become  an  established  commercial  practice  only  m  the  last  25  years. 
Even  today  the  use  is  limited  but  interest  is  high. 

Past  research  has  shoviTi  that  the  mechanism  of  moisture  movement  during  the  constant 
rate  and  falling  rate  periods   is  not  clearly  understood;  that  flow  velocity  is  more  important 
in  high -temperature  than  in  conventional  drying;   and  that  equilibrium  moisture  content  of  wood 
at  high  temperatures  is  lower  than  at  room  temperature. 

Reported  advantages  of  high -temperature  drying  include   short  drying  times,    reduced 
inventory,    lower  energy  requirements,    reduction   in  shrinkage,    and  a  lower  equilibrium 

moisture  content  in  use. 

Disadvantages  reported  are  higher  initial  equipment  cost,  greater  power  requirements 
and  heating  capacity,   discoloration  of  the  wood,   knot  dropout,  conditioning  problems,    strength 
loss,  and  greater  degrade  with  some  species. 

However,   all  results  are  based  on  limited  studies  involving  only  one  or  a  few  species  and 
generally  not  employing  equipment   specifically  designed  for  high -temperature  drying.     The 
influence  of  flow  velocity  and  temperature  on  drying  rate,   defects,  color  change,  and  strength 
loss  during  the   various   stages  of   drying  needs  to  be   established  for  various   species  before 
high -temperature  drying  can  be  fully  evaluated. 
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Headquarters    for    the    Intermountain 
Forest  and  Range  Experiment  Station 
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INTRODUCTION 


^'Nuclear  weapons  have  greatly  increased 
the  potential  for  wartime  destruction  by  fire. 
Depending  upon  weapon  yield  and  height  of 
burst,  the  area  subject  to  immediate  ignition 
and  burnout  from  a  multimegaton  nuclear 
weapon  has  been  estimated  to  be  between 
450  and  1,200  square  miles.  Ultimate  fire 
spread  may  be  as  much  as  10,000  square  miles 
under  certain  conditions.  The  vast  areas  over 
which  ignition  and  burnout  can  occur  with 
multimegaton  weapons  makes  it  virtually  cer- 
tain that  rural  as  well  as  urban  areas  would  be 
involved  in  fire  in  many  regions. 

Fires  starting  in  either  wildlands  or  built- 
up  areas  can  spread  from  one  to  the  other. 
Such  fires  are  becoming  increasingly  common. 
The  Bel  Air  fire  in  Los  Angeles  in  1961 
burned  6,090  acres  and  destroyed  about  505 
buildings.  In  the  spring  of  1962,  fires  in  New 
Jersey  burned  186,000  acres,  caused  the 
death  of  7  persons,  and  destroyed  about  500 
homes  and  buildings.  In  the  fall  of  1964,  the 
Coyote  fire  near  Santa  Barbara,  Calif.,  burned 
67,000  acres  of  valuable  watershed  and 
destroyed  at  least  106  homes. '" 

Information  about  a  fire's  perimeter  is  a 
prerequisite  for  the  control  of  large  fires, 
whether  caused  by  nuclear  war,  lightning,  or 
man's  carelessness.  Visual  aerial  reconnais- 
sance is  usually  limited  by  smoke.  Location  of 
a  fire's  perimeter  with  respect  to  surrounding 
terrain  is  difficult  to  determine  at  night  by 
visual  means.  The  alternative  is  use  of  slow- 
moving  ground  scouts  who  must  oftentimes 
traverse  rugged  terrain  either  in  vehicles  or  on 
foot. 

A  promising  development,  which  com- 
bines the  advantage  of  aerial  observation  with 
the  ability  to  penetrate  darkness  and  smoke, 
is  the  airborne  infrared  scanner.  Particles  asso- 
ciated with  forest  fire  smoke  cause  serious 
scattering  of  light  rays  in  the  visible  spectrum. 
At  infrared  wavelengths,  this  scattering  is 
minimal,  and  useful  information  about  a  fire 


Countrvrnaii.  C.  M.  Mass  fire  characteristics  in  larne- 
scale  tests.  Fire  Technol.  1  (4):  3U3-3I7.  illus.  J  965. 


can  be  obtained.  Simplified  calculations  indi- 
cated the  amount  of  scattering  of  infrared 
energy  in  the  4.5-  to  5.5-micron  range  by  for- 
est fire  smoke  would  be  tolerable.  Tests 
conducted  during  1962  through  1964  verified 
these  calculations. 

SCOPE  OF  WORK 

In  April  1962,  Work  Order  OCD- 
OS-62-174  was  negotiated  between  the  De- 
partment of  Defense,  Office  of  Civil  Defense, 
and  the  Department  of  Agriculture,  Forest 
Service,  to  perform  the  following  services: 

"In  consultation  and  cooperation  with  the 
Department  of  Defense,  Office  of  Civil 
Defense,  the  Department  of  Agriculture,  For- 
est Service,  shall  develop  and  test  a  heat  sen- 
sing system  that  will  locate  fires,  map  the 
perimeters  thereof,  and  measure  the  rate  of 
fire  spread  generally  in  accordance  with  Inter- 
mountain  Forest  and  Range  Experiment  Sta- 
tion proposal  dated  February  21,  1962.  The 
practicability  of  using  an  airborne,  infrared 
mapper  for  these  purposes,  and  feasibility  of 
the  procedures  developed  during  the  course  of 
this  research,  shall  be  experimentally  tested 
by  mapping  actual  raging  forest  fires  and 
cow.paring  the  results  with  aerial  patrol  and 
ground  observation  methods  now  in  use. 
There  should  be  endeavors  to  classify  timber 
stands,  on  a  basis  of  species  tolerance  and 
stocking  level  or  otherwise,  as  a  means  of 
indicating  the  cover  density  of  the  various 
kinds  of  timber. " 

In  May  1964,  Work  Order  No.  OCD-OS- 
62-174  was  amended  (Amendment  No.  8), 
and  the  revision  provided  a  breakdown  of  the 
current  scope  of  work  by  subtasks  and  added 
studies  to  the  scope: 

"/n  consultation  and  cooperation  with  the 
Office  of  Civil  Defense,  Office  of  the  Secre- 
tary of  the  Army,  the  Department  of  Agricul- 
ture, Forest  Service,  shall  conduct  the  fol- 
lowing specific  studies: 


Subtask  2521 A  (I)- Feasibility  Study  of 
Airborne  Infrared  Device  for  Fire  Detection 
and  Mapping.  Determine  the  feasibility  of 
using  an  airborne  infrared  device  for  fire 
detection  and  mapping  in  forest  areas. 

Subtask    2521 A   (II)-ARPA  Task  No.    1 

Measure  detection  probability  with  an  infra- 
red scanner  on  small  charcoal  fires  from  a 
fixed  elevated  position  at  vertical  angles  from 
50-60  degrees. 

Subtask  2521A  (III)-ARPA  Task  No.  2 

Measure  detection  probability  as  a  function  of 
vertical  angle  from  an  airborne  scanner  on 
small  charcoal  fires  in  forests  of  the  white 
pine-cedar-hemlock  type  in  northern  Idaho 
and  in  the  Douglas-fir  type  found  on  the 
western  slopes  of  the  Cascade  Mountains. 

Subtask  2521 A  (IV)-ARPA  Task  No.  3 

Measure  detection  probability  on  real  fires 
utilizing  an  airborne  scanner  in  systematic 
search  of  forested  areas.  " 

In  the  fall  of  1964,  because  of  separate 
interests  of  the  OCD  and  ARPA,  the  project 
was  divided  into  two  sections— fire  mapping 
and  fire  detection.  Subsequently,  the  fire 
detection  subtasks  II,  III,  and  IV  of  OCD-OS- 
62-174  were  replaced  by  ARPA  Order  No.  636. 

Amendment  No.  10  dated  August  21, 
1964,  to  Work  Order  No.  OCD-OS-62-174 
added  the  following  to  the  Scope  of  Work: 

"Subtask  2521 A  (V)- Preliminary  System 
Development 


a.  Analyze  intelligence  requirements  and 
collect  data  and  determine  operational 
requirements  for  mapping  rural  fires. 

b.  Analyze  nuclear  war  environment  re- 
quirements and  determine  operational 
requirements  to  support  Civil  Defense  opera- 
tions. 

c.  Analyze  telemetry-ground  readout 
system  requirements  and  develop  preliminary 
specifications. 

d.  Perform  mapping  missions  in  suburban 
wildfire  analysis  for  applicability  to  Civil  De- 
fense operations,  and  develop  procedures  of 
employment  of  IR  systems  in  suburban  wild- 
fire situations. 

e.  Develop  methods  of  measuring  rate  of 
spread  of  fire. " 

Work  Order  OCD-PS-66-17,  Work  Unit 
2521A,  negotiated  in  September  1965,  obli- 
gated the  Department  of  Agriculture  to  fur- 
nish the  following  services  to  the  Department 
of  the  Army,  Office  of  Civil  Defense: 

"a.  Analyze  intelligence  requirements  and 
collect  data  and  determine  operational  re- 
quirements for  mapping  rural  fires. 

b.  Evaluate  HRB-Singer  pre-prototype 
airborne  infrared  scanner. 

c.  Analyze  tele  me  try -ground  readout 
system  requirements  and  develop  preliminary 
specifications. 

d.  Perform  mapping  missions  in  suburban 
wildfire  analysis  for  applicability  to  CD  opera- 
tions and  develop  procedures  of  employment 
of  Infrared  systems  in  suburban  wildfire  situ- 
ations. 

e.  Develop  methods  of  measuring  rate  of 
spread  of  fire.'" 


PROJECT  FIRE  SCAN  PROGRAM 
DEVELOPMENT 


A  study  of  airborne  infrared  (IR)  line 
scanners  as  a  tool  for  use  in  forest  fire  de- 
tection began  at  the  Northern  Forest  Fire 
Laboratory  in  1962.  An  AAS/5  scanner,  on 
loan  from  the  Electronic  Command,  U.S.  Ar- 
my Materiel  Command,  produced  a  thermal 
map  in  the  3-  to  5.5-  micron  infrared  spectral 
range  of  the  terrain  beneath  the  aircraft.^ 

During  the  fall  of  1962  we  flew  this 
scanner  over  a  300-acre  controlled  slash  fire 
when  a  dense,  deep  smoke  blanket  prevented 
visual  mapping.  The  smoke  did  not  cause  any 
apparent  degradation  of  the  IR  image  of  the 
fire  or  the  surrounding  terrain  (fig.  1).  The 
experiment  confirmed  our  assumptions 
about  the  transparency  of  smoke  in  the  IR 
region  and  demonstrated  the  potential  of  IR 
scanners  for  gathering  intelligence  on  large 
fires. 

A  study  of  operational  feasibility,  based 
on  results  of  this  test,  was  initiated  to  deter- 
mine details  of  equipment  requirements,  op- 
erational methods,  and  training  needed  to 
implement  IR  mapping  of  wildland  fires. 

The  AAS/5  infrared  detection  set  fell  far 
short  of  meeting  our  requirements  for  an  op- 
erational system.  Imagery  was  recorded  on 
35-mm.  panchromatic  film.  The  processing 
and  printing  necessary,  prior  to  obtaining 
useful  data,  required  an  intolerably  long  time 
lag  (2  to  4  hours)  between  gathering  of  intel- 
ligence and  making  it  available  to  the  user. 
The  angular  resolution  of  the  system  was  in- 
adequate to  record  details  of  the  terrain  re- 
quired for  effective  interpretation.  The  80° 
scan  angle  was  inadequate  to  provide  the  cov- 
erage needed  in  fire-mapping  operations.  And 
finally,  the  dynamic  range  of  the  system  was 
inadequate  to  handle  the  extreme  contrast 
between  normal  variations  of  terrain  temper- 
ature and  the  very  hot  areas  of  a  going  fire. 


We  modified  the  AAS/5  scanner  to  meet 
our  requirements.  The  35-mm.  strip  film 
camera  was  replaced  by  a  Polaroid  ^  camera 
that  could  produce  prints  immediately.  The 
scan  angle  was  increased  to  120°;  the  focal 
length  of  the  optical  system  was  increased; 
and  the  detector  (the  field  stop  in  the  sys- 
tem) was  reduced  in  size.  The  bandpass  of 
the  video  electronics  was  widened  to  accom- 
modate the  higher  resolution  of  the  optical 
system;  and  the  cathode  ray  tube  printer  was 
replaced  by  one  capable  of  a  much  smaller 
spot  size.  We  tried  to  overcome  the  limited 
dynamic  range  of  the  system  by  including  a 
logarithmic  amplifier.  These  modifications 
produced  a  system  that  consistently  pro- 
duced reasonably  high-quality  imagery  when 
operated  by  Laboratory  personnel. 

During  the  summer  of  1963,  this  modi- 
fied scanner  was  flown  over  nine  fires.  On 
two  flights  we  dropped  the  Polaroid  prints 
immediately  to  an  IR  interpreter  in  the  fire 
camp.  The  fire  suppression  forces  could  use 
this  intelligence  immediately.  The  1963  tests 
demonstrated  the  desirability  of  the  immedi- 
ate readout  Polaroid  prints  and  the  suitabil- 
ity of  the  airdrop  delivery  method  on  rela- 
tively small,  back-country  fires. 

The  limited  experience  gained  during 
1963  indicated  need  for  an  expanded  study 
of  fire  mapping  to  answer  the  following  ques- 
tions: 

1.  What  are  the  intelligence  requirements 
for  suppression  of  large  fires,  and  how  many 
of  these  requirements  can  be  satisfied  by  us- 
ing IR  scanning  techniques? 

2.  Is  the  airdrop  of  IR  imagery  suitable 
for  all  fire  situations  or  will  a  telemetering 
capability  be  required? 


For  a  detailed  description  of  the  fire  detection  effort 
see:  Wilson.  Ralph  A.,  and  Nonan  V.  Noste.  Project  hire 
Scan  fire  detection  interim  report,  April  J962December 
1964.  U.  S.  Forest  Sen:  Res.  Pap.  INT-25.  55  pp..  illus. 
1966. 


Mention  of  trade  or  brand  names  is  solely  for  iden- 
tification and  does  not  imply  endorsement  of  products 
mentioned,  nor  does  it  imply  uoncndorsement  of  unnamed 
products. 
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Figure    1.— Kelly    Creek    prescribed    fire,    1962:    A, 
Oblique  photographs;  B,  infrared  map. 


3.  Will  fire  mapping  be  used  primarily  in 
initial  stages  of  fire  control?  will  it  be  re- 
quired during  control  operations?  and  what 
is  its  utility  during  mopup? 

4.  At  what  altitude  should  fire-mapping 
missions  be  flown? 

5.  At  what  times  of  day  should  IR  mis- 
sions be  flown? 

6.  What  are  the  performance  require- 
ments for  an  operational  fire  mapper? 

7.  What  will  be  the  reaction  of  trained 
fire  control  officers  to  this  new  tool?  how 
will  they  use  it?  and  what  is  their  evaluation 
of  its  utility? 

In  January  1964,  preliminary  criteria  for 
an  infrared  fire-mapping  set  were  prepared  at 
the  request  of  the  Office  of  CivU  Defense 
(see  appendix  I). 

In  preparation  for  the  1964  fire  season, 
the  IR  equipment  used  during  the  1963  sea- 
son was  installed  in  a  Forest  Service  Aero 
Commander  500-B  to  be  used  exclusively  for 
fire-mapping.  Provisions  were  made  for  dis- 
patching the  unit  to  dangerous  fire  situations 
EUiywhere  in  the  country.  A  cadre  of  Forest 
Service  personnel  from  throughout  the  West 
was  trained  as  IR  interpreters  so  that  their 
services  would  be  available  to  support  the 
small  Laboratory  team. 

During  the  1964  fire  season,  the 
infrared-equipped  aircraft  mapped  16  fires 
ranging  in  size  from  10  to  215,000  acres.  We 
flew  33  daytime  and  16  nightime  flights.  On 
12  of  these  fires,  the  intelligence  gathered 
was  used  by  fire  suppression  forces.  The  situ- 
ations encountered  ranged  from  flat  country 
grass  fires  to  wilderness  area  fires  in  rugged 
terrain  and  heavy  timber,  to  the  rural-urban 
complex  involving  both  brush  fields  and 
buildings.  We  worked  closely  with  Forest 
Service  fire  suppression  teams.  State  fire  sup- 
pression agencies,  the  California  Disaster 
Office,  and  the  Los  Angeles  County  Fire  De- 
partment. The  wide  variety  of  conditions  en- 
countered during  this  season  provided  a 
sound  basis  for  determining  equipment  re- 


!ure  2.  —  Gravel  Creek  Fire,  1963:  A,  Conventional 
aerial  photograph  made  prior  to  the  fire  and  used 
for  identifying  terrain  features  recorded  on  IR 
imagery ;  B,  IR  image  of  fire  clearly  showing  location 
of  small  spot  fires  outside  of  main  fire  perimeter. 


quirements,  personnel  needs,  and  expected 
performance  of  the  IR  scanning  system. 

We  needed  to  know  how  many  fires 
might  need  to  be  mapped  during  any  year, 
and  the  number  of  fires  that  might  reason- 
ably be  expected  to  occur  concurrently  be- 
fore we  could  prepare  final  system  specifi- 
cations. To  obtain  this  information,  we  ana- 
lyzed Forest  Service  fire  records  for  the 
preceding  20  years. 

Late  in  1964,  a  contract  was  negotiated 
by  the  Office  of  Civil  Defense  with  HRB 
-Singer,  Incorporated,  to  design  and  fabricate 
an  IR  fire-mapping  unit  in  accordance  with 
preliminary  design  criteria  prepared  at  the 
Northern  Forest  Fire  Laboratory.  We  re- 
ceived the  new  scanner  (HRB-Singer  Recono- 
fax  XI)  in  the  spring  of  1965.  The  Aero 
Commander  was  modified  for  installation  of 
this  new  unit,  and  preliminary  flight  tests 
were  conducted  during  1965. 

The  new  prototype  unit  had  several  de- 
ficiencies. The  amplifiers  were  unstable  at 
high  gain  settings.  The  available  gain  was  in- 
adequate to  make  nighttime  imagery. 
Amplifier  saturation  caused  serious  over- 
shoot problems.  Packaging  of  the  electronics 
was  not  suitable  for  field  servicing.  These 
shortcomings  had  to  be  corrected  before  we 
could  make  adequate  operational  tests. 

The  equipment  was  returned  to  the  man- 
ufacturer with  detailed  recommendations  for 
modification.  The  needed  modifications  were 
performed  during  the  winter  of  1965.  In  the 
spring  of  1966,  the  system  was  reinstalled  in 
the  Aero  Commander  and  delivered  to  the 
U.S.  Forest  Service,  Division  of  Fire  Control, 
for  field  evaluation.  Results  of  subsequent 
tests  were  highly  encouraging. 


INTELLIGENCE  REQUIREMENTS 
FOR  WILDLAND  FIRE  SUPPRESSION 


Decisions  necessary  for  effective  fire  sup- 
pression must  be  based  on  the  dynamic  char- 
acteristics of  the  fire  perimeter,  its  relation 


to  fuels,  weather,  topography,  values  threat- 
ened, and  the  availability  of  suppression 
forces.     The     mission    of    IR    fire-mapping 


should  be  to  furnish  the  location  of  the  fire 
perimeters  at  periodic  intervals,  rapidly 
enough  and  in  sufficient  detail  to  allow  fire 
control  officers  to  make  informed  decisions 
(appendix  II). 

The  most  important  requirement  is  a  pic- 
ture of  the  fire  edge  in  relation  to  such 
ground  features  as  ridgetops,  valley  bottoms, 
streams,  and  prominent  landmarks.  Such  pic- 
tures must  show  sufficient  detail  to  enable 
the  interpreter  to  determine  the  precise  loca- 
tion of  the  fire  edge,  hotspots,  spot  fires,  fuel 
type  changes,  and  fuel  breaks.  Complete  de- 
scription of  the  fire  and  its  behavior  must 
include  the  following: 

1.  Extent  and  location  of  the  entire  fire 
edge,  including  both  smoldering  and  flaming 
fronts. 

2.  Relative  intensity  of  the  fire  along  var- 
ious portions  of  the  fronts  and  the  rate  of 
fire  spread. 

3.  Size  and  location  of  spot  fires  outside 
the  main  fire  edge. 

4.  Location,  size,  and  intensity  of  isolat- 
ed hot  spots  within  the  main  fire  perimeter, 
especially  those  adjacent  to  the  fire  edge. 

5.  Location  and  adequacy  of  all  fire- 
breaks, both  natural  and  manmade. 

6.  Size  and  location  of  unburned  areas  of 
fuel  of  5  or  more  acres  within  the  fire  perim- 
eter. 

7.  Existence  and  location  of  major  fuel 
type  changes  for  a  distance  of  1  or  more 
miles  outside  the  fire  edge;  i.e.,  changes  be- 
tween grass  and  brush,  timber  and  brush, 
conifer  and  hardwood,  blowdown  and  stand- 
ing timber,  water  and  land,  rocks  and  timber, 
and  rural  or  urban  developments. 

8.  Location  and  extent  of  structures 
such  as  residences,  bridges,  factories,  schools, 
and  urban  communities  with  respect  to  the 
fire  front. 


In  figure  2  (Gravel  Creek  Fire),  many  of 
these  characteristics  can  be  seen  in  the  infra- 
red image. 

Fire  intelligence  is  a  highly  perishable  com- 
modity. During  the  active  stages  of  a  fire's 
spread,  any  description  of  its  characteristics 
may  have  little  operational  value  4  hours 
later.  The  fire  boss  charged  with  responsi- 
bility for  strategy  decisions  must  know  what 
the  fire  is  doing  now.  One  prime  requisite  fur 
any  fire  surveillance  system  is  ability  to  deliv- 
er fire  intelligence  to  the  fire  staff  at  the 
scene  of  the  fire  at  the  time  when  major  stra- 
tegic decisions  must  be  made. 

Since  infrared  mapping  systems  produce 
a  thermal  image  of  the  terrain  being  scanned, 
it  is  easy  to  differentiate  between  a  hot  fire 
and  the  surrounding  terrain.  Identifying  fuel 
and  topographic  features  is  much  more  diffi- 
cult. Before  proceeding  with  a  detailed  dis- 
cussion of  the  capabilities  and  limitations  of 
IR  scanners  for  collecting  fire  intelligence,  it 
may  be  helpful  to  discuss  some  character- 
istics of  IR  scanners  and  the  factors  that 
affect  their  ability  to  depict  surface  features. 


IR  LINE  SCANNERS 

The  IR  line  scanners  used  in  fire- 
mapping  operations  consist  essentially  of  a 
telescope  with  a  suitable  detector  at  its  focal 
point.  A  rotating  scanning  mirror  placed  in 
front  of  the  objective  of  the  telescope  causes 
the  optical  system  to  scan  a  line  perpen- 
dicular to  the  aircraft  flight  path  (fig.  3).  As 
the  aircraft  moves  forward  along  the  track, 
sequential,  contiguous  lines  are  scanned.  The 
output  of  the  detector  is  amplified,  con- 
verted to  light,  and  printed  on  film.  The 
printing  device  exposes  a  line  across  the  film 
in  synchronism  with  the  rotating  scanning 
mirroi^-X-axis.  FUm  motion,  in  a  direction 
perpendicular  to  the  scan  line  at  a  velocity 
proportional  to  aircraft  velocity  and  altitude, 
provides  the  Y-axis  of  the  image  (fig.  4).  The 
scale  of  the  resulting  image  is  a  function  of 
the  scan  angle  recorded  and  the  altitude  of 
the  aircraft.  Spatial  resolution  is  determined 
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Figure  3.— Schematic  of  an  IR  scanner. 
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Figure  4. — Line  scan  coverage. 


by  the  focal  length  of  the  optical  system,  the 
size  of  the  detector,  the  minimum  spot  size 
obtainable  in  the  printer,  and  the  height  of 
the  aircraft  above  ground.  The  spectral  re- 


sponse of  the  system  is  determined  by  detec- 
tor characteristics  and  filters  used.  Distor- 
tions inherent  in  these  systems  are  discussed 
in  appendix  III. 


IR  IMAGERY 

The  tone  of  any  spot  in  an  IR  image  is  a 
function  (usually  nonlinear)  of  the  energy  ar- 
riving at  the  scanner  aperture  from  the 
ground.  On  a  positive  image,  light  tones  indi- 
cate more  energy,  dark  tones  indicate  less. 
The  tones  on  imagery  made  during  darkness 
depend  on  the  temperature  of  the  terrain 
being  scanned  and  variations  in  surface  emis- 
sivity;  i.e.,  the  tonal  contrast  represents  the 
apparent  radiant  temperature.  During  day- 
light hours,  the  image  tone  depends  on  the 
energy  radiated  from  the  surface  and  the 
reflected  solar  energy;  it  is  a  function  of  de- 
tector spectral  response,  solar  insolation, 
surface  spectral  reflectance,  surface  tempera- 
ture, and  surface  emissivity.  For  an  object  to 
be  detectable  on  IR  imagery,  the  energy  radi- 
ated or  reflected  from  it  must  be  sufficiently 
different  from  the  energy  radiated  or  reflect- 
ed from  the  surrounding  terrain  to  produce  a 
signal  equal  to  or  greater  than  the  noise 
equivalent  temperature  of  the  system. 

The  temperature  of  some  terrestrial  fea- 
tures, such  as  large  bodies  of  water,  varies 
seasonally  but  shows  very  small  diurnal  varia- 
tions. Most  other  objects  exhibit  both  sea- 
sonal and  diurnal  variation  in  temperature. 
Objects  having  very  low  thermal  mass  follow 
diurnal  air  temperature  variations  fairly 
closely,  whereas  objects  having  much  higher 
themal  mass  tend  to  lag  behind  the  changes 
in  ambient  temperatures.  These  character- 
istics produce  diurnal  fluctuations  in  the 
tonal  contrast  of  objects  recorded  on  thermal 
IR  imagery.  These  fluctuations  can  be  most 


dramatically  demonstrated  by  examining  the 
diurnal  temperature  variations  of  three  ob- 
jects: (1)  a  land  area,  (2)  a  rapidly  flowing 
river,  and  (3)  a  bridge  across  the  river. 

During  a  bright,  clear  day  in  summer  the 
temperature  of  the  bridge  rises  as  insolation 
increases.  There  is  some  lag  between  the  sur- 
face temperature  of  the  bridge  and  the 
changes  in  insolation.  As  darkness  ap- 
proaches and  insolation  decreases,  the  tem- 
perature of  the  bridge  gradually  decreases. 
During  the  hours  of  darkness,  radiant  ex- 
change between  the  bridge  and  the  sky  fur- 
ther reduces  the  bridge  temperature.  The 
next  morning,  as  insolation  increases,  the 
bridge  temperature  will  again  rise.  Tempera- 
ture of  the  river  remains  constant  throughout 
the  period.  Temperature  of  the  land  surface 
also  changes  from  day  to  night,  but  at  a  slow- 
er rate  than  that  of  the  bridge.  Imagery  made 
during  one  diurnal  cycle  goes  through  a  com- 
plete reversal  of  tonal  scale.  The  land-to- 
water  and  bridge-to-water  tonal  differences 
completely  disappear  during  two  periods. 

Since  these  tonal  shifts  depend  on  insola- 
tion and  nighttime  radiative  cooling,  cloud 
cover  and  seasoned  variations  in  insolation 
strongly  affect  the  rates  at  which  tonal 
changes  occur.  Although  this  water-land- 
bridge  combination  produces  the  most 
striking  effects,  the  same  shifts  occur  in  all 
objects.  The  foregoing  discussions  assume  a 
spectral  response  in  the  thermal  IR  only. 
During  daylight  hours,  these  effects  are  fur- 
ther compounded  by  solar  reflection  and  var- 
iations in  surface  reflectivity  and  emissivity. 


CAPABILITY  OF  IR  SCANNERS 
FOR  GATHERING  INTELLIGENCE 


Performance  capability  of  IR  scanning 
systems  is  usually  specified  in  terms  of  reso- 
lutions of  angle  eind  temperature.  Secondary 
considerations  are  the  velocity-to-height  ratio 
(V/H)  and  total  field  of  view,  which  govern 
the  field  coverage  rate.  Even  when  precise 
laboratory   measurements   are   made  of  the 


above  parameters,  it  is  very  difficult  to  pre- 
dict field  performance. 

If  we  are  to  predict  an  IR  system's  per- 
formance of  such  a  complex  task,  the  param- 
eters of  angular  and  temperature  resolution 
are  inadequate.  At  least  six  different  defini- 


tions  of  "angular  resolution"  and  three  of 
"temperature  resolution"  could  apply,  but 
none  have  been  generally  accepted  as  a  stand- 
ard, and  none  are  adequate  to  describe  per- 
formance of  a  scanning  system. 

The  best  available  figure  of  merit  (FM) 
of  scanning  systems  is  discussed  in  HRB- 
Singer's  Report  1751.20-R-l,  "Basic  Design 
Considerations  for  an  Infrared  Scanning 
System,"  which  uses  the  formula: 

System  Modulation 
Figure  of          Transfer  Function  (MTF) 
Merit  (FM)  =  

System  Noise  Equivalent 

Temperature  (NET) 

The  MTF  is  essentially  the  input  spatial  fre- 
quency that  is  reproduced  at  the  output  of 
the  system.  Usually  it  is  not  an  analytic  func- 
tion; however,  it  is  calculable  and  easily  spec- 
ified for  any  system.  MTF  is  more  precisely 
defined  than  "angular  resolution."  NET  is 
that  temperature  difference  that  would  give  a 
signal  at  the  detector  equal  to  the  system 
RMS  (root  mean  square)  noise.  This  is  an 
effective  radiometric  temperature  defined  for 
each  system  by  an  explicit  function: 

T  =  f(E) 

where  E  is  the  total  radiant  energy  to  which 
the  detector  responds.  This  figure  of  merit  is 
dependent  only  on  the  internal  components 
of  the  system  and  is  independent  of  the  field 
at  which  the  scanner  is  looking. 

With  the  known  MTF  and  NET,  and  giv- 
en an  exact  description  of  the  terrain  field's 
radiant  intensity  distribution,  one  can  calcu- 
late exactly  what  will  be  displayed  on  the 
image  photograph.  However,  no  one  can  now 
provide  the  necessary  radiometric  description 
of  forested  environments. 

The  complexity  of  the  terrain  radio- 
metric field  can  be  demonstrated.  The  energy 
(same  as  E  above)  from  all  observable  sources 
to  which  a  scanner  responds  and  which  is 
emanating  from  every  point  (x,y)  in  the  for- 
est can  be  written  functionally  as  follows: 


E(x,y)  =  /ooP(X)U(X)|lG(X,a,x,y)N,  (A,T 

(x,y))+R(A,a,/3,x,y)Ni(X,Tj)]dA 
P(  X  )  is  the  relative  spectral  response  of  a 

system  and  is  known. 
LJ(  X)  is  the  atmospheric  transmission  and 

is  strongly  dependent  on   weather 

conditions. 
E  can  vary  50  percent  because  of  relative 

humidity  alone. 

The  emissivity,  <5(X,a,  x,y),  can  be  deter- 
mined only  empirically  by  direct  observation 
of  every  material  of  interest  and  under  all 
conceivable  conditions.  G  varies  from  mate- 
rial to  material  according  to  surface  rough- 
ness, moisture  content,  observation  angle, 
wavelength,  chemical  composition,  impu- 
rities, and  other  variables. N  i(X,T(x,y))  is  the 
analytic  Planck  equation  and  is  calculable  on- 
ly if  the  temperature  of  every  point  to  be 
observed  is  known.  Generally,  differences  in 
energy,  E,  depend  more  strongly  on  fc  in  the 
8-  to  14-micron  region,  where  differences 
between  materials  at  ambient  temperatures 
are  more  easily  obsewed.  Fires  are  more  eas- 
ily observed  in  the  3-  to  6-micron  region, 
where  differences  in  N,  (T)  usually  account 
for  the  greater  differences  in  E.  R(X,q  ,(3,x,y) 
is  the  reflectivity  of  each  point  in  the  field. 
Same  comments  as  on  emissivity  apply:  also, 
R  is  strongly  dependent  on  the  illumination 
angle,  |3 . 

Nj(X,T;)  is  the  surface  illumination  from 
extraneous  sources  such  as  the  sun.  Nj  is  not 
difficult  to  estimate  (on  clear  days)  but  not 
as  simple  as  N-i  above.  At  night  we  assume 
NpO. 

From  the  above  considerations,  the  dis- 
may of  a  scientist  can  be  anticipated  when  he 
is  asked,  "Can  this  scanner  see  a  dirt  road  in 
a  grass  field?"  The  only  possible  answer  is  "It 
might."  If  answers  to  the  following  questions 
are  known,  a  better  GUESS  can  be  made.  Is 
the  dirt  smooth  and  hard  packed?  Is  the  grass 
green  and  standing?  Has  the  sun  been  shining 
continuously  for  the  past  several  hours?  Is 
the  sun  shining  now?  Did  it  rain  last  night? 
Do  you  wish  to  observe  the  road  from  a  low 
altitude?  If  answers  to  all  these  questions  are 


"yes,"  then  the  chances  of  observing  the 
road  are  probably  better.  How  much  bet- 
tei^who  knows?  Only  when  the  exact  com- 
position and  physical  state  of  the  road  and 
grass  field  are  given,  and  only  when  previous 
empirical  data  are  available  for  those  condi- 
tions, can  reliable  yes-no  answers  be  given. 
Invciriably,  however,  problems  and  questions 
of  this  type  are  qualitatively  specified.  At 
best,  the  answers  must  be  qualified. 

A  V/H  capability  of  .25  radian  per  sec- 
ond is  adequate  to  meet  fire-mapping  needs. 


A  system  angular  resolution  of  4  milliradians 
and  a  temperature  resolution  of  2°  K.  are  the 
absolute  minimum  for  fire-mapping;  i.e., 
most  of  the  information  required  can  be  ob- 
tained under  optimum  conditions.  With  an 
angular  resolution  of  1  milliradian  and  a  NET 
of  '/2*-*  K.  we  feel  that  under  most  conditions 
the  needed  fire  intelligence  can  be  obtained. 

Table  1  shows  our  "best  guess"  compar- 
ison of  the  adequacy  of  two  different  sys- 
tems in  meeting  the  requirements  for  fire  in- 
telligence. 


Table  1.— Estimated  performance  of  fire-mapping  systems 


Operational 
altitude 

Estimated 

performance* 

Aa=4  milliradians 
AT=2°  K. 

Aa=l  milliradian 
AT='/2°  K. 

Feet 

Fire  edge 

Overall  per- 
imeter 

10,000  max. 

Adequate 

Adequate 

Flaming  front 

10,000  max. 

Adequate 

Adequate 

Rate  of  spread 

<10,000 

Adequate 

Adequate 

Intensity  (size) 

10,000  max. 

Adequate 

Adequate 

Firelines  and 
breaks 

4,000  min. 

Poor 

Probably  adequate: 
AT=1/10°  K.  would 
improve  chances 
tremendously 

Spot  fires  ahead 
of  front 

10,000 

Poor,  depends  on 
timber  cover  and 
spot  fire  inten- 
sity and  size 

Much  better,  prob- 
ably adequate. 
Still  a  matter  of 
.statistical  chance 

Fuels 

Hot  spots  with- 
in 300'  of  fire 
edge 

4,000  min. 

Adequate 

Adequate 

Unbumed  fuels 
>5  acres 

10,000 

Very  poor 

Moderate;  very  de- 
pendent on  AT;  also 
prior  knowledge  of 
local  area 

Fuel  types  out- 
side of  fire 

10,000 

Poor 

Probably  adequate 
with  prior  know- 
ledge of  local  area 

Structural 
improvements 

10,000 

Adequate  on  basis 
of  association 
with  local  sur- 
roundings 

Very  good 

♦Distances  on  ground  are  determined  only  with  ±4  feet  per  1,000  feet  of 
altitude  with  4-milliradian  systems,  and  ±1  foot  per  1,000  feet  with  1-milli- 
radian  systems. 
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PROTOTYPE  FIRE-MAPPING  SYSTEM 


The  fire-mapping  system  developed  un- 
der OCD  Contract  No.  OCD-OS-62-174  was 
designed  to  meet  the  criteria  prepared  by 
Project  Fire  Scan  (appendix  I).  The  system 
consists  of  three  major  subsystems; 


1.  The  Reconofax  XI " 
remote  control  unit; 


IR  scanner  and 


2.  a  test  oscilloscope;  and 

3.  a  real-time  viewer  and  Polaroid  camera 
assembly. 

RECONOFAX  XI  SCANNER 

The  IR  scanner  unit  (fig.  5)  contains  the 
rotating  optics,  the  detector-dewcir-preamp 
assembly,  the  glow  tube  modulator  assembly, 
and  the  70-mm.  film  cassette.  The  cassette  is 
easily  removed  for  film  processing  through  a 
panel  in  the  side  of  the  scanner.  The  port 
door  (shown  open  in  fig.  5)  automatically 
closes  when  the  scanner  is  not  operating.  The 
scanner's  remote  control  unit  (fig.  6)  con- 
tains the  video  processing  circuits  and  the 
system  power  controls. 

The  test  oscilloscope  originally  supplied 
with  the  system  was  a  3-inch  Tektronix  Mod- 
el 321  operating  directly  from  the  aircraft's 
28  v.d.c. 

The  Reconofax  XI  IR  scanner  delivered 
to  the  Northern  Forest  Fire  Laboratory  in 
June  1965  was  too  unrehable  even  for  flight 
testing.  It  was  returned  to  the  factory  for 
temporary  repairs  in  late  August  1965.  Upon 
return,  tests  on  a  few  fires  in  California,  fol- 
lowed by  laboratory  tests,  furnished  enough 
information  for  preparing  an  evaluation  re- 
port, ^     which     listed     39     recommended 


For  detailed  information  on  the  original  Reconofax 
XI  scanning  system  see:  Sobel.  J.  A.,  III.  Prototype  air- 
borne infrared  fire  mapping  set  (Vj.  IIRB-Singer  Final  Re- 
search Report.  Contract  OCI)-PS-65-54.  OCD  Suhtask  No. 
2524B.  59  pp..  illiis  (Classified).  1965. 


changes.  A  contract  was  negotiated  with 
HRB-Singer,  Incorporated,  to  modify  the 
system  in  accordance  with  recommendations 
in  this  report.  Twenty-three  of  the  39  items 
were  deemed  feasible  and  reasonable,  consid- 
ering the  time  and  money  available. 

REAL-TIME  VIEWER 

While  the  Reconofax  XI  system  was  at 
the  factory,  the  real-time  viewer  (fig.  7)  was 
delivered  to  the  Northern  Forest  Fire  Labo- 
ratory for  evaluation.  The  real-time  viewer 
(B-scan)  contained  a  single-frame  Polaroid 
camera  for  photographing  a  high-resolution 
cathode  ray  tube  (CRT).  Construction  of  the 
viewer  was  considerably  better  than  that  of 
the  original  scanner. 

The  viewer  was  received  without  an  in- 
ternal high-voltage  power  supply.  Because 
the  normal  supply  had  failed  at  the  factory, 
the  manufacturer  furnished  an  external  labo- 
ratory power  supply  for  preliminary  tests. 

A  dual  phosphor  (P-7)  CRT"  was  sup- 
plied with  the  viewer  to  permit  monitoring 
and  photographing  a  single  tube.  The  CRT 
manufacturer  specifies  a  minimum  spot  size 
of  .003  inch  for  the  P-7  phosphor.  The  spot  size 
was  nearer  .006  inch  when  installed  in  the 
printer.  A  .001-inch  spot  size  is  required  to 
retain  the  desired  scanner  resolution. 

When  we  found  the  required  resolution 
could  not  be  achieved  with  the  dual  phos- 
phor CRT,  the  manufacturer  replaced  it  with 
a  P-11  phosphor  CRT.  The  best  laboratory 
measurement  of  spot  size  was  .002  inch.  In 
field  operation  the  spot  size  was  nearer  .005 
inch.  Several  factors  caused  degradation  in 
spot  size.  The  .002-inch  spot  size  was  meas- 
ured under  controlled  conditions  with  opti- 
mum focus  voltage  and  minimum  noise  and 
ripple.  Under  field  operating  conditions  the 


"First  Evaluation  of  the  Reconofax   XI,"  Northern 
Forest  Fire  Laboratory  in-housc  report,  November  5,  1 965. 


^  A  P-7  cathode  ray  tube  has  a  dual  phosphor  coating 
with  two  jpectral  peaks.  A  medium  short-persistence  peak 
at  4400  .A  is  suitable  for  photographing  when  used  with  a 
blue  filter.  A  long-persistence  peak  at  5580  A  with  an  am- 
ber filter  is  ade(p)ate  for  B-scan  viewing. 
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Figure  5.— Reconofax  XI  IR  fire-mapping  scanner. 


focus  voltage  was  75  volts  lov^^,  and  the  high- 
voltage  power  supply  contained  more  ripple 
than  the  laboratory  power  supply  that  had 
been  used  for  the  controlled  tests.  The  low- 
voltage  power  supplies  created  noise  spikes 
and  ripple  in  the  video  circuits.  Ground  loops 
and  poor  wire  routing  added  noise  and  ripple 
to  the  video.  Each  condition  increases  spot 
size. 


CRT  pincushion  distortion^  was  about 
one-sixteenth  inch  when  it  was  received.  A 
permzment  magnet  pincushion  corrector  was 
purchased  for  $35.00  and  installed  on  the 
CRT  deflection  yoke.  Line  curvature  was 
not  noticeable  after  the  corrector  was  alined 
and  locked  in  place. 

The  input  to  the  viewer  video  amplifier 
was  a.c.  coupled  without  d.c.  restoration  (see 
appendix  IV).  Blocking  occurs  on  the  viewer 
imagery  whenever  the  hot  signal  is  large  e- 
nough  to  alter  the  background  reference  level 
(indicated  by  arrows,  fig.  8).  Smaller  video 
changes  cause  signals  adjacent  to  the  fire  to 
lose  contrast  and  detail.  The  variable  voltage 
clipping  in  the  scanner  control  unit  success- 
fully reduced  the  large  signal  amplitudes. 

CAMERA 

The  viewer  was  furnished  with  a  single 
frame  Polaroid  camera  (Tektronix  Model 
C-12).  Northern  Forest  Fire  Laboratory  per- 


Figure  6.— Reconofax  XI  (mod  2)  IR  scanner's  remote  control  unit. 


Pincushion  distortion  occurs  when  the  distance 
traveled  by  an  electron  varies  as  the  electron  beam  moves 
across  the  face  of  the  cathode  ray  tube.  The  amount  of 
deviation,  or  curvature,  from  a  straight  line  is  used  here  as  a 
measure  of  pincushion  distortion.  For  further  details  see: 
Jenkins,  Francis  A.,  and  Harvey  E.  White.  Fundamentals  of 
optics,  Ed.  2,  p.  143.  647 pp.,  illus.  New  York:  McGraw- 
Hill  1950. 
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Figure  7.— Real-time  viewer  with  dual  Polaroid 
camera  attached. 


sonnel  developed  a  unique  camera,  using 
parts  from  the  C-12,  to  meet  the  require- 
ments for  immediate  and  continuous  positive 
prints  of  fire  imagery  (figs.  9  and  10). 

The  dual  Polaroid  camera  system  con- 
tains a  "flipping"  mirror  and  lens  assembly 
that  projects  the  vievi^er  cathode  ray  tube 
image   sequentially  onto  two  Polaroid  film 


packs.  The  viewer  gives  control  signals  for 
the  camera.  The  rear  frame  of  the  Tektronix 
Type  C-12  camera  was  replaced  by  a  new 
unit  containing  the  flipping  mirror  and  two 
Polaroid  film  packs.  The  flipping  mirror  is 
two  first-surface  mirrors  mounted  back  to 
back  and  rotated  to  image  the  CRT  face,  first 
to  one  film  pack  and  then  the  other.  The 
mirror  is  driven  in  both  directions  by  two 
rotary  solenoids  powered  by  the  camera  re- 
lay in  the  real-time  viewer.  (The  camera  relay 
is  operated  by  the  vertical  sweep.)  A  panel 
on  the  back  of  the  camera  contains  (1)  two 
amber  lamps  to  indicate  which  film  pack  is 
being  exposed,  (2)  a  green  lamp  to  indicate 
when  the  shutter  is  open,  and  (3)  a  reset  but^ 
ton  to  control  the  start  of  a  frame  by  restart- 
ing the  viewer  vertical  sweep. 

A  slate  unit  (fig.  10)  records  sequential 
frame  numbers,  time  of  day,  and  written  in- 
formation on  the  imagery.  The  slating  mech- 
anism is  mounted  on  the  base  plate  of  the 
C-12  camera  and  is  imaged  through  a  beam 
splitter  onto  a  Vi-inch  strip  along  the  edge  of 
the  film.  The  slating  unit  folds  down  for  ac- 
cess to  the  clock  and  writing  surface. 

Considerable  effort  was  spent  in  making 
the  camera  compact.  All  wiring  is  internal; 


A. 

P 

Figure  8.— IR  fire  imagery  showing  shifts  of  d.c.  level. 
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MONITOR 


Figure  9.— Dual  Polaroid  camera  with  film  back  open. 


Initial  planning  incorporated  the  system 
monitor  into  the  printer  as  a  dual-purpose 
viewer.  When  the  dual  phosphor  CRT  was 
replaced  with  the  short-persistence  CRT,  a 
new  monitor  was  required.  Choosing  a  stand- 
ard oscilloscope  for  the  monitor  let  us  elim- 
inate the  separate  test  oscilloscope.  A 
Tektronix  Type  422  portable  oscilloscope 
(fig.  11)  with  a  P-7  phosphor  CRT  was  cho- 
sen for  its  compactness,  versatility,  and  pow- 
er requirements.  The  scope  was  modified  to 
permit  intensity  modulating  the  cathode  for 
B-scan  operation.  The  viewer  provided  verti- 
cal and  horizontal  sweeps.  The  cathode  may 
be  disconnected  for  A-scan  operation,  or 
both  B-scan  and  A-scan  may  be  viewed  simul- 
taneously. 

Two  viewer  modifications  were  made  to 
provide  signals  for  the  monitor  scope:  a 
new  video  amplifier  and  an  additional  hor- 
izontal sweep  amplifier  were  installed. 


Figure  10.— Dual  Polaroid  camera  with  data  slate  door  open. 

connections  are  made  automatically  as  the 
camera  is  closed.  Camera  focus,  aperture,  and 
shutter  speed  controls  were  not  changed. 
Standard  Polaroid  film  packs  are  easily  load- 
ed from  either  side  of  the  camera.  The  instal- 
lation on  the  real-time  viewer  is  the  same  as 
mounting  a  camera  on  an  oscilloscope. 


MODIFIED  RECONOFAX  XI 

In  June  1966,  the  Reconofax  XI  (mod 
2)  scanner  was  returned  to  the  Northern  For- 
est Fire  Laboratory  for  6  weeks  of  extensive 


Figure  11.— Monitor  oscilloscope. 
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testing.  The  scanner  and  remote  control  as- 
sembly (fig.  6)  had  been  thoroughly  modi- 
fied. All  wiring  was  replaced,  new  printed  cir- 
cuits were  installed,  and  internal  packaging 
was  completely  changed.  The  new  scanner 
was  fully  reliable. 

The  modifications  included  a  redesign  of 
the  video  circuits  to  reduce  the  problems 
caused  by  large  fire  signals.  D.c.  amplifiers 
separated  by  a.c.  coupling  with  d.c.  resto- 
ration reduced  reference  level  shifts 
(appendix  IV).  Amplifier  gain  was  increased 
to  94  db  for  higher  film  contrast  from  low- 
level  terrain  signals.  The  3-db  bandwidth  was 
fixed  at  approximately  650  kHz  to  enhance 
small  terrain  features.  Large  fire  signals  cause 
film  and  CRT  phosphor  saturation  and  refer- 
ence level  shifts;  this  causes  loss  of  detail  in 
imagery  of  fire  perimeter  and  adjacent  ter- 
rain. The  amplitudes  of  high-energy  fire  sig- 
nals can  be  restricted  by  voltage  clipping  cir- 
cuits. Two  methods  of  voltage  clipping  were 
used  to  reduce  the  effects  of  excessive  signal: 

1.  A  fixed  voltage  clipping  level  was  built 
into  the  video  amplifiers.  No  incoming  signal 
can  cause  an  output  that  exceeds  this  clip- 
ping level.  This  eliminates  halation  on  the 
film  caused  by  large  signals  as  long  as  the  d.c. 
reference  is  retained. 

2.  A  variable  voltage  clipping  circuit  was 
added;  it  permits  adjustment  of  the  maxi- 
mum signal  level  to  meet  changing  terrain 
conditions.  The  variable  voltage  clipping  cir- 
cuit is  unnecessary  and  can  be  removed  from 
future  systems  having  adequate  fixed  voltage 
clipping. 

SYSTEM  EVALUATION 

The  Reconofax  XI  scanner,  real-time 
viewer,  and  monitor  were  combined  for  a  ser- 
ies of  laboratory  tests.  Angular  resolution 
was  measured  using  a  hot,  black  source  with 
1-,  2-,  and  4-mil  apertures  coUimated  and 
folded  into  the  scanner.  Angular  resolution 
at  the  output  of  the  preamp  was  between  1 
and  2  milliradians,  as  measured  from  Polar- 
oid pictures  of  an  A-scan  trace. 


Total  system  angular  resolution  was  de- 
termined by  printing  resolution  targets  on 
both  70-mm.  and  Polaroid  film.  Resolution 
on  the  70-mm.  film  was  between  3  and  4 
milliradians.  Inadequate  focus  of  the  CRT  re- 
stricted the  resolution  of  Polaroid  film  to 
about  4  milliradians  in  the  60^  scan  position 
and  8  milliradians  in  the  120^  scan  position. 

Temperature  resolution  was  measured  as 
a  noise  equivalent  temperature  (NET)  equal 
approximately  to  2°  K.  The  heat  source  for 
measuring  NET  wais  a  single  hot  target  equEil 
to  approximately  one  angular  resolution  ele- 
ment measured  against  an  ambient  tempera- 
ture background.  Target  temperatures  be- 
tween 30°  C.  and  70°  C.  provided  signals 
within  the  linear  portion  of  the  amplifier 
gain  curve.  Then 


NET  = 


TfTb 


EsDk/E 


nrms 


where: 


^spk 


E 


nrms 


the  target  temperature, 

the  background  temperature, 

the  peak  signal  voltage,  and 

the  true  rms  value  of  the  back- 
ground noise  without  the  target. 


Contrast  and  intensity  controls  worked 
very  well.  The  coarse  and  fine  attenuation 
(contrast)  controls  permit  excellent  adjust- 
ment of  signal  amplitudes  on  both  70-mm. 
film  and  the  B-scan.  The  contrast  control  on 
the  B-scan  is  used  only  for  initial  setup.  Sepa- 
rate intensity  (brightness)  controls  for  the 
70-mm.  and  the  B-scan  permit  individual  d.c. 
adjustments  to  compensate  for  equipment 
drift. 

A  new  problem  with  the  scanner  viewing 
angle  became  evident  during  the  evaluation 
tests.  Large  fires  seen  by  the  scanner  outside 
the  desired  120°  field  of  view  disturbed  the 
d.c.  restoration  level.  A  black  streak  across 
the  image  results  (see  arrows,  fig.   8).  The 
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scanning  mirror  always  "sees"  more  than  the 
desired  120°  field  of  view  unless  vignetting  is 
permitted.  Small  metal  shields  on  the  air- 
craft, restricting  the  total  field  of  view  to 
120°,  temporarily  reduced  the  effects  of  this 
problem.  Some  vignetting  of  the  desired  sig- 
nal occurs,  but  is  not  severe  enough  to  be 
objectionable. 

The  scanner,  real-time  viewer,  and  moni- 
tor oscilloscope  were  installed  in  a  U.  S.  For- 
est Service  Aero  Commander  500-B  aircraft 
(fig.  12),  which  has  a  special  scanning  slot 
cut  in  the  bottom  of  the  fuselage  for  the 
Reconofax  XI  scanner. 


Angular  and  thermal  requirements  for 
fire-mapping  systems  are  not  well  defined. 
Local  test  flights  demonstrated  system  per- 
formance for  comparison  with  the  original 
design  criteria  (appendix  I).  Both  day  and 
night  flights  over  resolution  charts,  airports, 
and  urban  areas  were  made  to  aid  subjective 
decisions  on  system  performance.  Auto- 
mobiles in  parking  lots,  trailer  courts,  and 
aircraft  engine  nacelles  were  used  to  deter- 
mine angular  resolution  after  resolution 
charts  were  not  resolvable.  Water  tempera- 
ture gradients  in  a  river  and  in  factory  cool- 
ing ponds  were  used  to  judge  temperature 
resolution.  The  results  were: 


Figure  12.— Final  installation  of  the  fire-mapping 
system  in  the  Aero  Commander  500-B  aircraft. 
The  scanner  is  behind  the  seat  in  the  lower  right 
corner  of  the  picture. 


1.  The  system  angular  resolution  was  3 
to  4  mr.  and  was  poorer  than  the  desired 
minimum  (appendix  I). 

2.  The  angular  resolution  of  the  70-mm. 
and  Polaroid  film  in  the  60°  position  was 
approximately  equal. 

3.  System  temperature  resolution  of  the 
70-mm.  and  Polaroid  film  was  about  equal 
and  was  adequate  for  most  fire-mapping  mis- 
sions. 

Since  no  wildfires  were  available  locally 
during  the  test  period,  the  system  was  put 
into  operation  without  prior  evaluation  over 
a  fire.  The  fire-mapping  system  released  to 
the  Division  of  Fire  Control,  U.  S.  Forest 
Service,  on  July  13,  1966,  consisted  of: 

1.  A  Reconofax  XI  (mod  2)  IR  scanner 
and  remote  control  unit; 

2.  a  B-scan,  real-time  printer  with  a  dual 
Polaroid  camera  attachment; 

3.  a  monitor  oscilloscope;  and 

4.  miscellaneous  associated  materials  re- 
quired to  permit  system  operation. 


I 
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OPERATIONAL  CONSIDERATIONS 


NAVIGATION 

Any  fires  requiring  IR  mapping  are  par- 
tially or  totally  obscured  by  a  dense  smoke 
pall,  which  usually  covers  only  the  area  di- 
rectly above  and  immediately  adjacent  to  the 
fire.  This  obscuration  normally  occurs  when 
a  fire  is  burning  in  the  bottom  of  a  drainage 
and  the  smoke  is  trapped  by  a  temperature 
inversion.  Over  such  sites  the  pilot  can 
usually  aline  the  aircraft  with  the  fire  by 
using  reference  points  visible  outside  the 
smoked-in  area.  When  he  must  fly  over  a  par- 
ticular portion  of  the  fire,  some  secondary 
means  of  navigation  may  be  needed. 

At  large  fires,  the  smoke  pall  may  cover 
several  hundred  squaire  miles.  This  condition 
was  encountered  in  1964  at  the  Coyote  Fire 
near  Santa  Barbara,  California;  in  1965  in  the 
multiple-fire  situations  in  West  Virginia  and 
Nevada,  and  in  1966  at  the  Oxbow  Fire  near 
Eugene,  Oregon.  Under  these  conditions,  the 
pilot  must  use  radio  navigational  aids  in 
alining  the  aircraft. 

In  many  areas  in  the  Western  United 
States,  where  wildland  fires  are  a  problem, 
the  distance  to  standard  radio  navigation 
facilities  (OMNI,  DME)  is  too  great  for  them 
to  be  used  for  accurate  navigation.  Under 
these  circumstances,  systems  such  as  Doppler 
radar  or  other  inertied  devices  should  be  pro- 
vided. An  adequate  navigation  system  in 
combination  with  a  real-time  IR  viewer  can 
provide  the  capability  for  alining  the  air- 
craft with  portions  of  the  fire  that  are  espe- 
cially important.  If  a  real-time  display  of  the 
IR  imagery  is  available,  the  problem  of  deter- 
mining the  position  of  the  aircraft  with  re- 
spect to  the  fire  front  is  greatly  simplified, 
and  the  time  required  to  obtain  adequate 
coverage  is  minimal.  Unfortunately,  the  per- 
formance characteristics  of  available  real- 
time  viewers   leave   much  to  be  desired  in 


luminosity  and  resolution;  their  performance 
is  marginal  at  best. 

ALTITUDE  SELECTION 

The  altitude  selected  for  the  initial  sur- 
veillance flight  should  be  high  enough  to  per- 
mit coverage  of  the  entire  fire  width  on  one 
pass,  with  adequate  adlowance  for  navigation 
errors.  If  the  scale  of  the  imagery  produced 
at  this  altitude  is  inadequate  to  provide  the 
detailed  information  needed  on  portions  of 
the  fire,  subsequent  passes  can  be  flown  at 
lower  altitudes.  Selection  of  altitude  for 
followup  missions  must  be  a  compromise 
based  on  resolution  requirements,  number  of 
passes  to  complete  the  data  gathering,  navi- 
gational errors,  and  adequate  terrain  clear- 
ance for  safe  operations. 

GROUNDSPEED 

Groundspeed  of  the  aircraft  must  be  de- 
termined accurately  prior  to  the  beginning  of 
a  pass.  If  a  Doppler  radar  is  available,  this 
information  is  obtained  quite  easily.  If  not, 
the  pilot  can  use  standard  navigational  proce- 
dures to  determine  his  expected  groundspeed 
over  the  target.  Groundspeed  information  is 
needed  to  adjust  the  printer  V/H  for  correct 
aspect  ratio  on  the  imagery.  Unless  an  accu- 
rate groundspeed  measurement  is  available, 
passes  must  be  made  in  opposite  directions 
or  in  two  directions  at  right  angles  to  each 
other  over  the  fire.  Imagery  thus  made  readi- 
ly reveals  any  errors  in  V/H  setting  (fig.  13). 

FLIGHT  SCHEDULING 

The  prime  consideration  in  scheduling 
IR  fire-mapping  flights  is  to  provide  the  fire 
staff  with  current  information  in  time  to  as- 
sist in  formulating  attack  plans  for  the  next 
shift.  Usually,  during  the  uncontrolled  stage 
of  the  fire  the  desirable  flight  times  are  0400, 
1000,  1400  to  1600,  and  2000  to  2200 
hours.  Scheduling  must  allow  for  the  un- 
avoidable  time   lapse   between   collection  of 
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Figure  1 3.— Improper  V/H   adjustments  cause:  A,  elongation;  B,   compression  of  fire   area  on  IR  imagery. 


imagery  and  delivery  of  interpreted  intelli- 
gence to  the  fire  camp.  The  hours  immedi- 
ately before  and  after  sunrise  and  sunset 
should  be  avoided  since  thermal  washout, 
low  sun  angle,  and  rapidly  changing  condi- 
tions make  it  extremely  difficult  to  obtain 
good  terrain  detail  on  IR  imagery.  Once  a 
fire  has  been  contained,  it  is  the  consensus 
that  two  flights  per  day  should  provide  ade- 
quate intelligence.  Flight  schedules  for  these 
missions  would  be  determined  by  fire  staff. 


DELIVERY  OF  IMAGERY 

Imagery  has  no  operational  value  until  it 
is  delivered  to  the  fire  camp  and  interpreted. 
Two  methods  of  delivery  used  throughout 
this  program  were  (1)  airdrop  from  the  scan- 
ning aircraft,  and  (2)  delivery  by  ground 
transportation  from  the  nearest  airport. 
These  methods  do  not  require  complex,  ex- 
pensive telemetering  ground  stations  at  the 
fire  camp.  Airdrop  is  simple  and  fast,  but  it 
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has  several  serious  limitations.  It  is  difficult 
to  find  a  suitable  drop  zone  if  the  area  adja- 
cent to  the  fire  camp  is  obscured  by  smoke. 
Quite  often,  traffic  of  helicopters  and  air- 
craft dropping  retardant  in  the  vicinity  of  the 
fire  camp  causes  serious  delays.  Airdrop  in- 
volves some  risk  when  the  fire  camp  is  locat- 
ed in  a  canyon  bottom.  However,  delivering 


the  imagery  from  the  nearest  airport  is  some- 
times subject  to  intolerable  delay. 

Fire  intelligence  is  frequently  needed  at 
both  the  main  fire  camp  and  at  zone  camps 
around  the  fire  perimeter.  A  telemetering 
system  for  instantaneous  transmission  of 
imagery  to  several  locations  simultaneously 
would  have  great  operational  value. 


1963  AIMD  1964  FIELD  SEASONS 


TRAINING  AND  FIELD  TESTING 

The  modified  AAS/5  scanner,  with  a 
single  Polaroid  camera,  was  used  on  65  fire- 
mapping  flights  in  the  1963  and  1964  fire 
seasons  (table  2).  More  than  800  pieces  of 
imagery  were  produced  over  a  wide  variety 
of  fuel  types  and  burning  conditions.  Table  5 
(appendix  V)  analyzes  operational  perform- 
ance for  individual  missions  during  the  1964 
fire  season.  In  addition  to  operational 
missions,  more  than  80  training  missions 
were  flown  to  test  equipment  and  develop 
proficiency  of  the  crew. 

PERIMETER  INTELLIGENCE 

IR  imagery  was  used  to  determine  loca- 
tion of  the  perimeter  of  10  uncontrolled 
wildfires;  on  seven  of  these  fires  it  would 
have  been  impossible  to  map  the  fire  perim- 
eter accurately  using  conventional  reconnais- 
sance. On  three  of  the  10  fires,  IR  was  the 
sole  source  of  fire  perimeter  information.  IR 
reconnaissance  became  an  integral  part  of  the 
strategic  and  tactical  fire  control  planning. 

The  quality  of  the  IR  imagery  varied 
widely.  Equipment  failure  prevented  collec- 
tion of  usable  imagery  over  one  fire.  Even 
with  poor  quality  imagery,  we  plotted  the 
fire  perimeter  accurately  enough  to  meet  the 
minimum  requirements  for  large  fire  strategic 
and  tactical  control  planning. 


The  1965  activities  are  reported  under  PROTOTYPE 
FIRE-MAPPING  SYSTEM. 


INTENSITY  INTELLIGENCE 

Fire  imagery  graphically  portrays  the  rel- 
ative heat  intensity  of  burning  forest  fuels 
(figs.  14  and  15).  On  13  of  the  fires  mapped 
in  1963-64,  this  intensity  intelligence  was 
shown  to  command  personnel  and  always 
proved  to  be  valuable  in  deploying  air  and 
ground  forces  to  suppress  priority  hotspots 
along  the  perimeter.  The  Candle  Mountain 
Fire  on  the  Helena  National  Forest  (North- 
ern Region)  demonstrated  the  value  of  IR 
intensity  intelligence;  this  fire  had  started 
from  lightning  in  a  roadless,  subalpine  timber 
stand  of  spruce,  fir,  and  lodgepole.  Although 
fire  spread  was  stopped  at  1700  hours  on 
July  23,  a  comparison  of  imagery  obtained  at 
2200  hours  on  July  23  with  that  obtained  at 
0530  hours  on  July  24  showed  little  change 
in  intensity  during  the  intervening  hours  of 
darkness  (figs.  16  and  17). 

Visual  reconnaissance  made  at  daylight 
on  July  24  showed  very  little  smoke  rising 
from  the  burned  area.  This  information  ordi- 
narily would  have  suggested  releasing  man- 
power, particularly  since  the  fire  perimeter 
had  not  increased  during  a  12-hour  period  of 
cooler  temperatures  and  higher  humidity. 
But  the  intensity  intelligence  obtained  from 
the  IR  convinced  command  personnel  not  to 
release  line  workers  during  the  day  shift  and 
to  pursue  vigorous  mopup. 

SPOT  FIRE  INTELLIGENCE 

Spot  fires  were  encountered  on  three  of 
the  fires  mapped.  On  two  of  them,  spotting 
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Table  2. -Wildfire-mapping  missions  for  Project  Fire  Scan  test  program,  1963-64 


Year 


Fires 


Flights 


Day      Night 


Average 
fire 
size 


Imagery 
drops 


Fires  using 

IR 
intelligence 


Fuel  types 
encountered 


Acres 


1963 


1964 


16 


15 


33         16 


11,300 


19,800 


19 


12 


Fir-spruce 
Grass 
Pine 
Sagebrush 

Pine 

Fir-spruce 

Oak-brush 

Grass 

Sagebrush 


was  not  a  major  threat;  but  on  the  third,  one 
of  three  spot  fires  had  not  been  detected  by 
ground  forces  (fig.  18).  During  the  mapping 
mission,  location  of  the  undetected  spot  fire 
was  radioed  to  suppression  forces,  and  they 
were  able  to  take  control  action  before  it 
became  serious.  On  each  of  these  three  fires, 


IR  imagery  clearly  revealed  the  presence  of 
spot  fires.  Smoke  often  prevents  early  detec- 
tion of  spot  fires  by  visual  reconnaissance. 

MOPUP 

Mapping  of  aboveground  burning  fuels 
was  performed  on  11  wildfires  during  mopup. 


' "        .  ■       .'^ 

;•  '■           •'  >^ 

•■■■  :  -■  •'■.<< 

-      ■       ■■  ■'■.■yJ 
iX    ■        *     ' 

Figure  14.— IR  imagery  of  Nuns  Canyon  Fire,  1964. 


Figure  15.— IR  imagery  of  Coyote  Fire,  1964. 
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Figure    16.— IR    imagery    of  Candle   Mountain   Fire, 
2200  hours  on  July  23,  1964. 


Figure    17. — IR    imagery    of   Candle    Mountain    Fire, 
0530  hours  on  July  24,  1964. 


IR  imagery  obtained  during  mopup  of  these 
fires  was  valuable  in  planning  tactical  em- 
ployment of  manpower  and  equipment.  Fig- 
ure 19  shows  hotspots  on  approximately  6'/j 
miles  of  cold  fire  perimeter.  This  imagery  en- 
abled control  officers  to  deploy  forces  to 
portions  of  the  perimeter  where  burning  fu- 
els still  persisted. 


At  this  stage,  burning  fuels  often  are  hot 
coals  that  give  off  too  little  smoke  to  aid  in 
visual  detection.  These  hot  coals  are  a  source 
of  firebrands  that  could  be  windborne  into 
unburned  fuels  outside  the  perimeter.  Detec- 
tion of  hotspots  by  conventional  visual 
means  on  large  fires  like  the  Coyote  Fire 
(more  than  70  miles  of  perimeter)  requires 
very  large  expenditure  of  manpower.  IR 
mapping  reduces  this  problem. 

INTERPRETATION 

An  average  of  40  minutes  was  required 
to  transfer  fire  intelligence  from  IR  imagery 
to  aerial  photos  and/or  maps.  Interpretation 
time,  plus  an  average  of  1  hour  for  each 
flight,  resulted  in  an  average  of  1  hour  and 
40  minutes  from  the  first  imagery  run  over  a 
fire  to  delivery  of  the  completed  map. 

On  most  fires,  intelligence  was  trans- 
ferred from  the  imagery  to  aerial  photos  and 
finally  to  topographic  or  planimetric  base 
maps.  This  method  uses  corresponding  grids 
for  transferring  imagery  of  the  fire  perimeter 
to  its  appropriate  location  on  a  photo  and 
finally  to  a  map.  The  grid  method  worked 
well  for  areas  where  there  were  no  radical 
changes  in  vegetative  type  or  manmade  fea- 
tures. 


Figure  18.— IR  imagery  of  Cr;izy  Creek  Fire,  1964. 
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Figure  19.— IR  imagery  of  Coyote  Fire,  1964,  during  mopup. 

On  three  fires  there  were  enough  recog- 
nizable landmarks  to  eliminate  need  for  the 
intermediate  step,  i.e.,  use  of  a  photo.  This 
method  was  simpler  and  quicker  but  could 
be  used  only  where  numerous  changes  in 
vegetative  types  are  found  or  where  there  are 
recognizable  manmade  features  such  as  log- 
ging roads,  clearcut  logging  units,  orchards, 
or  rural  and  suburban  habitation  (fig.  20). 


Imagery  obtained  during  the  first  2 
hours  after  sunrise  and  the  2  hours  before 
sunset  was  difficult  to  interpret  because  the 
scanner  operator  could  not  compensate  for 
rapid  changes  in  thermal  contrast.  Early 
morning  sun  on  south  slopes  obscures  por- 
tions of  the  fire  perimeter,  but  terrain  fea- 
tures on  contrasting  north  slopes  are  difficult 
to  distinguish  (figs.  21  and  22).  When  equip- 


Figure  21.— Degradation  of  IR  imagery  by  the  early 
morning  sun.  Big  Creek  Fire,  1964. 


Figure  20.— IR  imagery  of  manmade  features  adjacent 
to  the  MUl  Creek  Fire,  1964:  A,  Orchard;  B,  road. 


Figure  22.— Degradation  of  IR  imagery  by  the  early 
morning  sun,  WiUow  Tree  Fire,  1964. 
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ment  settings  are  made  to  accommodate 
south  slope  conditions,  they  usually  produce 
an  adverse  contrast  on  north  slopes  (or  vice 
versa). 

DROPPING  IMAGERY 

On  seven  fires  we  used  special  equipment 
(figs.  23,  24,  and  25)  to  drop  imagery  to  the 
ground  interpreter.  Airdropping  is  cheap  and 
effective.  We  made  21  daytime  and  7  night- 
time drops,  all  of  which  were  successfully  re- 
trieved. Our  training  and  operational 
missions  showed  that  drops  could  be  consist- 
ently placed  within  a  clearing  500  feet  in 
diameter.  The  average  day  drop  was  made  at 
200  feet  over  terrain  and  the  average  night 
drop  at  500  feet. 

FIRE  COMMAND  INTERVIEWS 

During  the  winter  of  1964,  supervisory 
fire  control  personnel  from  the  six  western 
Regions  of  the  Forest  Service  were  inter- 
viewed to  obtain  a  consensus  of  needs  for  in- 
telligence on  large  fires.  Information 
gathered  in  these  interviews  was  to  be  used  in 
planning  operations  for  the  transition  of  IR 
mapping  from  experimental  to  operational 
status.  It  was  hoped  that  these  interviews 
would  provide  criteria  for  specifying  require- 
ments for  optimum  design. 

Responses  from  supervisory  person- 
nel.—We  interviewed  Forest  Supervisors,  Dis- 
trict Rangers,  and  other  Forest  staff  person- 
nel who  had  been  responsible  for  directing 
control  operations.  These  men  all  wanted  to 
obtain  early  intelligence  about  perimeter  lo- 
cations, rate  of  spread,  spot  fires,  fire  inten- 
sity, and  location  of  interior  unburned  or 
scorched  areas.  They  strongly  emphasized 
the  need  for  early  receipt  of  information 
about  intensity  of  fires  and  delineation  of 
unburned  areas. 

These  fire  control  supervisors  preferred 
working  from  maps  and  aerial  photos  rather 
than  directly  from  the  IR  images  for  por- 
traying intelligence  at  command  head- 
quarters and  for  tactical  line  overhead  use. 


Figure  23.— Side  view  of  drop  tube  ejector  assembly. 


Figure  24.— Ejector  assembly  with  drop  tube  fully  inserted. 

They  showed  that  appearance  of  dozer-built 
control  lines  on  fire  imagery  was  highly  im- 
portant to  them,  whereas  location  of  hand- 
lines  and  pumper  units  was  less  important. 
Average  desired  frequency  for  obtaining  in- 
telligence about  perimeters  was  five  times  per 
day  during  the  uncontrolled  stage  and  twice 
daily  during  the  controlled  (mopup)  stage. 
Preferred  time  of  day  for  receiving  such  intel- 
ligence coincided  with  planning  sectors  for 
changing  shifts  and  for  obtaining  "heat  of 
the  day"  intelligence.  Most  interviewees  felt 
the  fire  boss  and  plans  chief  should  physical- 
ly view  the  fire  at  least  twice  daily. 
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Figure  25.— Components  of  night  drop  tube. 

Responses  from  overhead  personnel.  —We 
recorded  on-the-scene  comments  by  fire 
bosses  Eind  other  supervisory  personnel 
during  the  mapping  operations  in  1964. 
WhUe  capturing  their  spontaneous  reaction 
to  our  pioneer  mapping  effort,  we  made  use- 


ful data  available  to  them  to  improve  their 
operating  techniques  and  to  support  continu- 
ation of  the  mapping  program.  Comments 
from  fire  bosses  showed  that  IR  maps  gave 
them  early  accurate  information  about 
perimeter  and  hotspot  locations,  whereas  in- 
telligence from  conventional  sources  was 
either  lacking  or  was  available  too  late  to  be 
useful.  IR  prints  available  in  early  stages  of 
large  fires  may  have  obviated  need  for 
requests  for  additional  men  and  allowed 
shifting  of  existing  forces  for  most  efficient 
use  on  the  fireline. 

These  men  expressed  need  for  having 
imagery  dropped  directly  to  zone  head- 
quarters since  IR  intelligence  does  not  fUter 
down  from  GHQ  during  fluid  stages  of  the 
fire  when  flanks  are  spreading  faster  than 
suppression  forces  can  cope  with  them.  A 
larger  format  (9  by  9  inches),  with  smaller 
scale  imagery,  was  believed  to  be  more  useful 
thein  standard  Polaroid  prints  in  presenting 
the  "big  picture"  to  command  overhead. 


RESULTS  OF  THE  1966  SEASON 


The  Reconofax  XI  fire-mapping  system 
was  operated  successfully  throughout  the 
1966  fire  season.  Twenty-one  flights  over  15 
fires,  plus  five  training  missions,  were  flown 
to  evaluate  the  system's  operational  capabil- 
ities. 

Dropping  the  Polaroid  imagery  to  fire 
camp  was  on  acceptable  method  of  deliver- 
ing the  fire  intelligence.  However,  smoke, 
haze,  darkness,  and  other  aircraft  sometimes 
limit  the  usefulness  of  airdrop  delivery.  Air- 
craft weight  restrictions  and  cost  of  tele- 
metering systems  precluded  their  use  in  the 
fire-mapping  prototype. 

A  side-by-side  comparison  (fig.  26)  of 
70-mm.  and  Polaroid  fire  imagery  (the 
images  are  of  two  passes  over  the  same  fire) 
reveals  several  problems: 


fires  outside  the  120°  field  of  view  (see  p. 
15). 

2.  Accurate  adjustment  of  V/H  is  diffi- 
cult over  wild,  unknown  terrain  (note  the 
compression  of  the  river  in  the  Polaroid 
image). 

3.  Some  fire  images  have  fuzzy  or  poorly 
defined  boundaries  (e.g.,  the  left  side  of  the 
fire  near  the  center)  which  we  have  not  yet 
successfully  explained.  They  may  have  been 
caused  by  flames  over  the  adjacent  terrain, 
hot  gases  or  particles  ahead  of  the  fire,  or 
heating  of  the  materials  ahead  of  the  hot 
area. 

Figure  27  shows  the  complete  fire  (fig. 
26)  within  the  120°  field  of  view  and  the 
black  lines  are  missing. 


1.  The  black  lines  across  the  film  (at  the 
same  place  on  both  images)  are  caused  by 


Operational    testing    in    1966    revealed 
changes  that  should  be  made  to  the  system: 
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Figure     26.  — Composite     photograph    comparing 
70-mm.  and  Polaroid  fire  imagery. 


1.  Replacement  of  the  viewer  high- 
voltage  power  supply  with  a  heavy  f>xternal 
unit  was  required  after  two  failures  of  the 
internal  power  supply.  A  new  power  supply 
should  be  selected  to  reduce  weight  and 
ripple  and  to  permit  high  altitude  operation. 

2.  A  new  power  supply  is  required  to 
provide  adequate  focus  voltage  for  the  viewer 
CRT  to  insure  a  sharp  electronic  focus. 

3.  The  frame  counter  in  the  camera 
slating  unit  counts  each  vertical  sweep  of  the 
viewer.  Sequential  numbering  of  the  Polaroid 
prints  could  be  obtained  if  the  counter  were 
connected  in  series  with  the  shutter-flash 
switch. 


Figure  27.— Polaroid  pictures  of  sequential  imagery  of 
the  total  fire  shown  in  figure  26. 


4.  The  d.c.  restoration  should  be  cor- 
rected to  eliminate  the  shift  in  film  intensity 
caused  by  fires  outside  the  120°  field  of 
view.  Increasing  the  scanner  dead  time, 
reducing  the  d.c. -restoration  clamp  time,  or 
vignetting  the  receiving  aperture  are  possible 
solutions. 

5.  Amplifiers  in  the  viewer  and  monitor 
are  a.c.  coupled  without  d.c.  restoration  and 
are  severely  upset  by  intense  signals.  D.  c. 
restoration  should  be  included  in  all  a.c- 
coupled  video  amplifiers. 

6.  A  better  70-mm.  film  drive  is  required 
to  prevent  film  striations,  which  make  inter- 
pretation difficult,  if  not  impossible. 


OCCURRENCE  OF  LARGE  FIRES 


The  consensus  of  fire  control  experts  in 
various  parts  of  the  country  was  that  in  the 
West  (U.S.  Forest  Service  Regions  1  through 
6),  where  fuel  types  are  highly  combustible 
and  weather  conditions  frequently  produce 
extreme  fire  danger,  any  fire  burning  over 
100  acres  (Class  D  and  larger)  could  effec- 
tively use  IR  fire  mapping.  By  contrast,  in 
the  Eastern  United  States  (U.S.  Forest  Serv- 
ice Regions  8  and  9),  where  fuel  types  and 
weather  conditions  are  less  hazardous,  no  fire 


would  need  IR  fire  mapping  until  it  reached 
300  acres  (Class  E  or  larger). 

We  analyzed  fire  statistics  gathered  by 
the  U.S.  Forest  Service  (USES  Form 
5100-29)  through  the  20-year  period  from 
1944  to  1963  to  determine  the  expected 
annual  workload  for  an  IR  fire-mapping  unit. 
Records  of  large  fires  in  all  Forest  Service 
Regions  are  summarized  for  convenient  refer- 
ence   (table    4,    appendix    V).    From    these 
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records,  it  appears  that  an  annual  average  of 
156  large  fires  (fig.  28)  would  require  IR 
mapping.  Average  frequency  of  occurrence 
of  large  fires  by  15-day  periods  is  shown  in 
figures  29  and  30.  Figure  31  shows  geo- 
graphic distribution  of  large  fires  within  peak 
fire  seasons. 


Peak  fire  seasons  in  western  National 
Forests  extend  from  May  15  to  September 
30,  with  overlap  between  geographic  regions. 
By  contrast,  the  peak  seasons  for  eastern  ^ 


U.S.Forest   Service   Region    7   was   combined    with 
Region  9  in  1965. 


Figure  28.— Occurrence  of  large  fires,  U.S.  Forest  Service  Regions  1  through  9,  1944-1963. 
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Figure  29. — Occurrence  of  fires  100  acres  and  larger  in  western  U.S.  Forest  Service  Regions  1  through 
6,  1944-1963. 
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U.  S.  FOREST  SERVICE 
RESEARCH  PAPER  INT-49,1968 

PROJECT  FIRE  SCAN 
FIRE  MAPPING  FINAL  REPORT 

AprU  1962  to  December  1966 
(Work  Unit  2521A) 

SUMMARY 


An  IR  scanner  operated  by  U.  S.  Forest 
Service  personnel  consistently  and  reliably 
provided  fire  intelligence  when  visual  surveil- 
lance was  ineffective.  IR  imagery  of  uncon- 
trolled wildfires  provided  much  useful  infor- 
mation about  the  location  and  extent  of  the 
fire  perimeter,  the  existence  and  location  of 
spot  fires  outside  the  main  fire  perimeter,  and 
the  relative  intensity  along  various  portions  of 
the  fire  front.  During  the  mopup  and  final 
control  operations,  this  imagery  was  extreme- 
ly valuable  for  locating  lingering  hotspots.  IR 
intelligence  enabled  fire  control  officers  to 
use  their  suppression  forces  most  effectively. 

During  the  1964  fire  season,  800  pieces  of 
fire  imagery  were  produced  over  23  wild  and 
15  prescribed  fires  ranging  in  size  from  10 
acres  to  215,000  acres.  Many  of  these  fires 
were  obscured  by  dense  smoke  palls,  but 
smoke  caused  no  degradation  of  image  qual- 
ity. 

In  1966,  a  prototype  IR  scanner  using  a 
liquid  nitrogen-cooled  InSb  detector,  an  inter- 


nal TO-mm.  crater  lamp  recorder,  and  an 
external  cathode  ray  tube  recorder  equipped 
with  a  dual  Polaroid  camera  was  evaluated 
and  found  to  be  satisfactory  for  use  in  oper- 
ational fire-mapping  missions. 

U.  S.  Forest  Service  records  of  large  fires 
during  the  period  1944  through  1963  showed 
an  annual  average  of  156  fires  large  enough 
for  advantageous  use  of  IR  surveillance.  Since 
fire  occurrence  follows  seasonal  patterns  that 
differ  widely  from  one  part  of  the  country  to 
another,  it  should  be  possible  to  use  IR  equip- 
ment effectively  by  shifting  scanners  region- 
ally as  the  fire  season  progresses. 


Fire  control  officers  have  accepted  IR 
mapping  enthusiastically.  Decisions  based  on 
IR  intelligence  often  resulted  in  a  reduction  in 
fire  suppression  costs.  No  quantitative  cost 
analysis  of  infrared  fire  mapping  was  made; 
until  such  a  study  is  done,  no  meaningful  cost 
effectiveness  predictions  are  possible. 
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National  Forests  occur  in  early  spring  and 
late  fall.  "Peak  season"  is  arbitrarily  defined 
as  the  period  when  one  or  more  large  fires 
burn  during  a  given  15-day  period. 

Data  summarized  in  this  section  should 
provide  the  information  necessary  to  deter- 


mine how  many  IR  scanners  are  required  to 
meet  the  U.S.  Forest  Service's  annua]  ex- 
pected fire  load.  Since  the  actual  number  of 
units  required  would  depend  strongly  on 
operational  procedures,  we  felt  it  was 
beyond  the  scope  of  this  report  to  recom- 
mend the  number  of  units  to  be  acquired. 


Figure  30.— Occurrence  of  fires  300  acres  and  larger  in  eastern   U.S.  Forest  Service  Regions  8  and  9, 
1944-1963. 


I  30  days] 
/4  5  doy»\ 


LEGEND 

Period  when  one  or  more  fires 
100  ocres  and  lorger  occurred, 
(see   figure  29) 

Period  when  one  or  more  fires 
300  ocres  ond  larger  occurred, 
(see  figure  30) 


Figure  31.— Average  number  of  days  per  year  when  large  wildfires  have  occurred,  1944-1963. 
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Table  3.-Summary  of  Class  D  and  E  fires*  in  National  Forests,  1944-1963 


Forest 
Service 
Region 

Average 
number 

Average 
duration 

Total  Days 
to  control 
and  mopup 

Average 
size 

Days 

Acres 

1 

11.4 

10.0 

114 

620 

2 

8.6 

5.8 

50 

410 

3 

18.1 

7.4 

133 

290 

4 

25.5 

4.7 

120 

1,550 

5 

50.0 

5.8 

290 

1,750 

6 

17.7 

10.1 

189 

260 

7 

2.6 

6.5 

17 

2,500 

8 

17.1 

2.8 

48 

550 

9 

5.3 

2.1 

11 

1,060 

^ Fires  100  acres  and  larger  in  Regions  I  through  6:  300  acres  and  larger  in  Regions  7  through  9. 
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APPENDIX  I 

FOREST  SERVICE-U.  S.  DEPARTMENT  OF  AGRICULTURE 

IntemiountEiin  Forest  eind  Range  Experiment  Station 

Northern  Forest  Fire  Laboratory 

Missoula,  Montana 

January  29,  1964 

DESIGN  CRITERIA 

FOR 

A  PROTOTYPE  AIRBORNE  INFRARED  FIRE  SURVEILLANCE  SET 


INTRODUCTION 

An  experimental  program  has  been  con- 
ducted by  the  U.S.  Forest  Service  in  cooper- 
ation with  the  Office  of  Divil  Defense  to 
determine  whether  airborne  infrared  line  scan- 
ners can  provide  surveillance  information  on 
fires  of  one-tenth  acre  to  several  thousand 
acres  in  size  when  smoke  or  darkness  pro- 
hibits the  coUeciton  of  this  information  by 
other  means.  After  2  years  of  flight  tests  with 
a  modified  military  scanner,  results  indicate 
the  desirability  of  developing  a  prototype 
scanner  specifically  designed  to  meet  the 
requirements  of  forest  fire  and  civil  defense 
applications.  This  specification  outlines  the 
general  requirements  for  a  prototype  fire- 
mapping  scanner  to  be  installed  and  operated 
in  a  light  twin-engine  sdrcraft. 

OPERATION 

The  equipment  shall  be  designed  to  be 
operated  by  personnel  with  no  previous  elec- 
tronic training.  Equipment  operators  will  be 
selected  from  forestry  and  civilian  defense 
personnel  with  at  least  a  high  school  educa- 
tion and  above- average  alertness  and  dexter- 
ity. 

The  equipment  will  be  operated  in  light 
twin-engine  aircraft  at  altitudes  from  2,000 
to  15,000  feet  above  terrain  and  at  airspeeds 
from  100  to  180  knots.  Under  these  condi- 
tions the  equipment  must  be  capable  of  pro- 
ducing high  quality  imagery  of  terrain,  fire 
perimeter,  and  small  spot  fires,  with  suf- 
ficient detail  so  that  a  skilled  infrared  image- 
ry  interpreter  can   precisely   determine  the 


location  of  the  fire  perimeter  with  respect  to 
terrain  and  manmade  features  such  as  roads, 
bulldozer  constructed  firelines,  etc. 

The  output  of  the  scanner  shall  be  dis- 
played on  a  B-scan  monitor  suitable  for  as- 
sisting the  pilot  in  positioning  the  aircraft 
over  the  fire  area.  The  scanner  must  be  capa- 
ble of  recording  terrain  detail  along  the  peri- 
meter of  extremely  hot  fires. 

PERFORMANCE  REQUIREMENTS 

Scan  angle.— 120° 

Rollstabilization-±10° 

Angular  resolution. —Optical  system  reso- 
lution shall  be  as  high  as  is  obtainable  with 
state-of-the-art  equipment.  A  l-milliradian 
system  resolution  capability  is  desirable.  A 
2-milliradian  system  resolution  capability  is 
the  minimum  acceptable. 

Temperature  resolution. —2°  C.  maximum 
in  the  spectral  region  from  4.5  to  5.5  microns. 

V/H.—0.13  per  second  maximum. 

Dynamic  range. —Dynamic  range  shall  be 
adequate  to  handle  the  signal  from  hot  fire 
targets  without  incurring  saturation  while  the 
system  gain  is  set  for  terrain  mapping.  Pre- 
vious experiments  have  shown  that  a  loga- 
rithmic attenuator  with  a  3-decade  range  is 
adequate  for  this  function. 

Display.— An  A-scan  monitor  shall  be  pro- 
vided to  assist  the  operator  in  determining 
overall  system  performance. 


31 


A  B-scan  monitor  shall  be  provided  with 
provision  for  either  60°  or  120°  display  angle. 

Recording.— A  Polaroid  camera  shall  be 
provided  to  photograph  the  B-scan  monitor. 
Any  alternate  proposal  whereby  processed 
positive  imagery  can  be  made  available  rapidly 
will  be  considered. 

Provision  for  external  recordm^.— Suitable 
connectors  shall  be  installed  to  supply  video, 
sync,  and  V/H  signals  to  auxiliary  recording 
and  telemetering  equipment. 

Power  requirements.— 28  v.  d.c,  30  amp. 
msiximum. 

Size  and  weight.— Size  and  weight  shall  be 
consistent  with  instedlation  in  the  aircraft 
mentioned  below  while  still  permitting  space 
and  weight  capabilities  for  a  pilot  and  two 
scanner  operators. 

OTHER  DESIGN  CONSIDERATIONS 

Installation.— This  system  shall  be  designed 
to  permit  installation  in  light  twin-engine  air- 
craft such  as  an  Aero  Commander,  Cessna 
310,  Beechcraft  G-50,  etc.,  with  a  minimum 
amount  of  structural  modification  to  the  air- 
craft. Once  the  initial  modification  has  been 
made,  installation  or  removal  of  the  equip- 
ment shall  not  require  more  than  two  men  or 
more  than  30  minutes'  time. 


Detector  cooling.— The  use  of  liquid  gas 
for  detector  cooling  is  undesirable  because  of 
logistic  difficulties.  The  elimination  of  the 
necessity  for  detector  cooling  would  be  the 
most  desirable  approach;  however,  since  at 
present  this  does  not  appear  feasible,  the  use 
of  closed  cycle  coolers  should  be  considered 
and  the  cost  and  complexity  weighed  against 
the  undesirable  characteristics  of  liquefied 
gases. 

Maintenance.— The  equipment  wUl  be 
maintained  by  forestry  and  civilian  defense 
personnel  skilled  in  normal  electronic  equip- 
ment maintenance.  Wherever  possible,  modu- 
lar construction  shall  be  employed  to  permit 
in-field  servicing  by  replacement.  Solid  state 
devices  shall  be  used  in  place  of  vacuum  tubes 
wherever  system  performance  will  not  be 
jeopardized. 

The  equipment  shall  be  designed  to  com- 
pletely eliminate  any  need  for  precise  optical 
adjustments  in  the  field.  In  no  case  shall  any 
specialized  optical  equipment  be  required  for 
the  maintenance  of  this  device. 

Future  production.— This  prototype  scan- 
ner shall  be  designed  to  be  compatible  with 
production  methods  so  that  costs  can  be 
minimized  in  production  quantities. 
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COPY 


UNITED  STATES  GOVERNMENT 
MEMORANDUM 


TO: 


Jack  Barrows,  Director 
Division  of  Forest  Fire  Research 


COPY 


Department  of  Agriculture- Forest  Service 
Washington,  D.C.  20250 

FUe  No.  4400  (5100) 


FROM:  Merle  S.  Lowden,  Director 

Division  of  Fire  Control 


Date:   December  1, 1965 


SUBJECT:     Forest  Fire  Research  (Infrared  Mapping) 


Your  reference: 


As  was  suggested  at  our  November  10 
meeting,  use  of  infrared  imagery  to  map 
forest  fires  is  at  a  stage  of  development  where 
we  should  identify  more  ^ecifically  the  infor- 
mation these  techniques  can  record  and  fur- 
nish to  the  fire  boss. 

Infrared  imagery  provides  the  fire  boss 
with  a  new  tool  to  accurately  map  the  fire 
edge  under  adverse  conditions  of  smoke, 
smog,  and  darkness.  This  is  progress,  but 
knowledge  of  fire  edge  location  alone  is  not 
adequate  for  effective  fire  control  decision 
making.  Effective  decisions  are  also  based  on 
information  concerning  the  dynamic  charac- 
teristics of  the  fire  perimeter  and  its  relation 
to  fuels,  weather,  topography,  and  values 
threatened.  Thus,  the  mission  of  infrared  fire 
mapping  should  be  to  furnish  the  above  infor- 
mation, except  weather,  in  sufficient  detail  to 
allow  the  fire  boss  to  make  informed  deci- 
sions to  control  the  fire.  It  will  be  necessary 
to  capture  this  information  more  frequently, 
efficiently  and  economically  than  has  been 
possible  previously.  In  determining  the  degree 
of  detail  required  of  infreired  imagery  we  must 
emphasize  that  under  adverse  conditions  of 
smoke,  smog,  or  darkness,  infrared  mapping 
presents  the  only  obvious  alternative  means  of 
gathering  intelligence  to  laborious  ground 
reconnaissance.  The  first  and  foremost 
requirement  is  a  picture  of  the  fire  edge  tied 
exactly  to  ground  features.  Ridge  tops,  valley 
bottoms,  streams  and  prominent  points 
should  be  discernible  in  sufficient  detail  to 
determine  the  precise  location  of  fire  edge, 
hot  spots,  spot  fires,  fuel  type  changes,  and 


fuel  breaks.  In  addition,  the  following  degree 
of  detail  in  infrared  imagery  is  required  for 
fire  suppression  decision-making  when  accom- 
panied by  maps  showing  topography,  fuels, 
and  physical  features. 

Fire  Edge  Characteristics— The  following  must 
be  discernible: 

1.  The  entire  fire  edge  including  smold- 
ering edge,  and  flaming  fronts. 

2.  Fire  intensity  and  rates  of  spread  on 
various  sections  of  the  fire. 

3.  Except  under  closed  forest  canopies,  all 
constructed  lines  and  natural  breaks. 

4.  Spotfires  outside  the  fire  edge  from 
smoldering  to  full  flaming  spotfires. 

5.  Size  and  location  of  spotfires. 

Relationship  of  Fire  Edge  to  Fuels— The  fol- 
lowing should  be  discernible: 

1.  Snags  and  hot  spots  burning  inside  the 
fire  but  within  300'  of  the  fire  edge.  It 
is  desirable  but  not  necessary  to  distin- 
guish between  snags  and  hot  spots. 

2.  Unburned  patches  of  fuel  of  more  than 
5  acres  in  size  within  the  fire. 

3.  Major  fuel  type  changes  for  a  distance 
of  one  or  more  miles  outside  the  edge 
of  the  fire,  i.e.:  Changes  between  grass 
and  brush;  timber  and  brush;  conifer 
and  hardwood;  blowdown  and  standing 
timber;  water  and  land;  rocks  and 
timber;  rural  and  urban. 
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4.  Fire  breaks  outside  the  edge  of  the  fire, 
e.g.  country  roads,  highways,  streams 
not  hidden  by  forest  canopy,  and  pre- 
pared fire  breaks. 

Relationship    of    Fire    Edge    to    Values 
Threatened 

1.  Structural  improvements  such  as  resi- 
dences, bridges,  factories,  schools,  and 
urban  communities  should  be  discern- 
ible. 


Some  of  the  foregoing  details  may  seem 
demanding  for  existing  or  contemplated  infra- 
red mapping  capability.  Since  these  are  the 
intelligence  requirements  for  acceptable  fire 
control,  the  objective  should  be  to  meet  these 
demands  as  nearly  as  possible.  Moreover,  the 
capability  to  gather  fire  information  in  a 
single  integrated  reconnaissance  operation 
would  enhance  fire  control  during  a  nuclear 
attack,  especially  in  areas  where  detailed  maps 
are  unavailable. 

/s/  Merle  S.  Lowden 
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APPENDIX  III 


DISTORTION 

Familiarity  with  geometric  distortions 
encountered  in  line  scanning  is  essential  to 
accurate  interpretaion  of  imagery.  The  spec- 
tral sensitivity  of  the  line  scanner  is  deter- 
mined by  the  detector  and  the  filter  used,  but 
the  geometric  distortions  are  inherent  in  the 
scanner  design  and  are  independent  of  the 
spectral  region  selected. 

Glow  Tube  Printer 

Figure  32  is  a  schematic  of  a  line  scanner 
using  a  glow  tube  printer.  A  suitable  detector 
is  placed  at  the  focal  point  of  a  parabolic 
mirror.  The  scanning  function  is  performed 
by  a  flat  mirror  rotating  at  relatively  high 
speed.  Two  microscope  objectives  are  directly 
coupled  to  the  scanning  mirror  shaft  emd 
oriented  so  that  their  axes  eire  parallel  to  the 
path  of  the  principal  rays  striking  the  scan- 
ning mirror.  Energy  from  the  terrain  being 
scanned  strikes  the  detector,  and  produces  an 
electrical  signal  whose  amplitude  is  propor- 
tional to  the  intensity  of  the  incident  energy. 
This  signal  is  amplified  and  modulates  the 
intensity  of  a  glow  tube  with  output  in  the 
visible  spectrum.  Light  from  the  glow  tube  is 
deflected  by  a  mirror,  passed  through  the 
microscope  objective  and  focused  on  panchro- 
matic fUm.  Direct  coupling  of  the  scanning 
mirror  and  the  microscope  objectives  insures  a 
direct  correlation  between  the  position  of  the 
spot  focused  on  the  fUm  and  the  point  on  the 
ground  producing  the  radiation  incident  on 
the  detector.  As  the  mirror  rotates,  a  line  is 
scanned  across  the  ground  perpendicular  to 
the  direction  of  the  aircraft  flight  path,  and  a 
corresponding  line  is  printed  on  the  film  by 
light  from  the  microscope  objective.  The 
angular  coverage  displayed  on  the  image  is 
fixed  by  the  geometry  of  the  printer  and  the 
width  of  the  film. 

As  the  film  is  pulled  past  the  microscope 
objective,  a  latent  image  of  the  terrain  is 
formed.  When  the  film  velocity  is  directly 
proportional  to  the  true  groundspeed  of  the 


aircraft  and  inversely  proportional  to  its 
height  above  ground,  the  image  has  proper 
aspect  ratio.  The  position  of  the  spot  across 
the  film  is  directly  proportional  to  the  angle 
between  the  scanning  mirror  and  the  nadir. 
The  position  along  the  film  is  proportional  to 
true  ground  distance  along  the  flight  path. 

Note  that  the  position  across  the  film  is 
proportional  to  the  angle  and  not  to  true 
ground  distance,  yet  the  position  along  the 
film  is  proportional  to  true  ground  distance. 
The  result  is  an  image  having  distortion  simi- 
lar to  that  encountered  in  normal  photo- 
graphy in  one  direction,  but  with  no  distor- 
tion in  the  other  direction. 

To  compensate  for  aircraft  roll,  a  roll- 
stabilized  recording  magazine  is  used.  As  the 
aircraft  rolls,  the  recording  magazine  is  held 
level,  and  the  angular  correspondence  be- 
tween scanning  mirror  position  and  the  nadir 
is  maintained  on  the  recording. 

The  glow  tube  printer  has  the  advantages 
of  simplicity  and  positive  synchronization 
between  the  scanner  cind  the  printer.  It  has 
the  disadvantage  of  being  extremely  difficult 
to  rectilinearize. 

Cathode  Ray  Tube  Printer 

The  second  method  of  recording  line  scan 
imagery  uses  a  cathode  ray  tube  (CRT) 
printer  (fig.  33).  The  drive  motor,  scanning 
mirror,  parabolic  mirror,  detector,  video 
amplifier,  and  gyrostabilizer  are  identical  to 
those  used  with  the  glow  tube  printer. 

An  electron  beam  sweeps  across  the  face 
of  a  CRT.  Magnetic  pickups  attached  to  the 
mirror  synchronize  the  stairt  of  the  sweep 
with  the  scanning  mirror.  Duration  of  the 
sweep  is  made  equal  to  the  time  required  for 
the  scanning  mirror  to  rotate  through  the 
desired  display  angle.  The  CRT's  intensity  is 
modulated  by  the  amplified  detector  signal, 
and  the  trace  is  imaged  on  the  film.  As  in 
operation  of  the  glow  tube  printer,  the  film  is 
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Figure  32.— Schematic  of  a  line  scanner  using  a  glow  tube  printer. 


VIDEO  AMPLIFIER 


FILM  DRIVE 
MOTOR 

IDLER 


FILM  SPOOL 


RESERVOIR 


DETECTOR 


SCANNING  MIRROR      PARABOLIC 
DRIVE  MOTOR  \  MIRROR 

PICKUP   HEAD 


GYROSCOPE         ROLL   CORRECTION    AMPLIFIER    GYROSTABILIZED 


Figure  33.— Schematic  of  a  line  scanner  using  a  CRT  printer. 
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pulled  past  the  scan  line.  Roll  stabilization  is 
achieved  by  varying  the  time  at  which  the 
scan  starts  rather  than  by  gyrostabilizing  the 
recording  magazine. 

If  the  electron  beam  sweeps  across  the 
CRT  linearly,  the  spot  position  on  the  film 
correlates  directly  with  the  angle  between  the 
scanning  mirror  and  the  nadir,  and  the  same 
angular  distortion  is  present  that  is  in  the 
glow  tube  printer.  However,  if  the  sweep  is 
made  nonlinear  (rectilinearized)  and,  more 
specifically,  if  the  sweep  waveform  is  the  tan- 
gent of  the  scan  angle,  then  the  position  of 
the  spot  on  the  film  corresponds  to  true 
ground  position  rather  than  to  the  scan  angle. 
This  gives  true  planimetric  presentation. 

The  numerous  disadvantages  of  the  CRT 
printer  are  discussed  in  detail  later  in  this 
section. 

Resolution 

Regardless  of  which  printing  method  is 
used,  the  minimum  resolvable  spot  size  direc- 
tly under  the  aircraft  is  determined  by  the 
focal  length  of  the  parabola,  the  size  of  the 
detector,  the  minimum  spot  size  obtainable  in 
the  printer,  and  the  height  of  the  aircraft 
above  the  ground.'  °  The  maximum  practi- 
cally obtainable  resolution  is  an  order  of 
magnitude  poorer  than  conventional  1:15,840 
aerial  photography. 

Distortions  Inherent  in  Line  Scanning 

The  size  of  the  minimum  resolvable 
elements  at  positions  other  than  the  nadir  can 
be  calculated  as  follows: 


and 


?  =  0   h  sec  e 


F  =  /J  h  sec^  e 


(fig.  34). 


It  is  common  practice  to  correct  this 
imagery  for  roll,  but  not  for  pitch  or  yaw.  If 
there  is  crosswind  when  the  imagery  is  made. 


This  assumes  that  the  qiiaHty  of  the  parabola  and  the 
flat  mirrors  is  good  enough  to  insure  a  blur  eircle  much 
smaller  than  the  size  of  the  detector. 


the  aircraft  heading  and  aircraft  track  do  not 
coincide.  Because  of  this,  all  points  except 
those  at  the  nadir  aire  skewed  in  the  direction 
of  the  aircraft  crab  (fig.  35).  Any  turns  of  the 
aircraft  during  the  imagery  run  will  cause 
straight  roads  parallel  to  the  flight  track  to 
appear  curved  (fig.  36). 

In  practice,  it  is  extremely  difficult  to 
determine  true  aircraft  groundspeed  and  true 
height  above  terrain.  Since  these  are  not  usu- 
ally known  accurately,  the  film  velocity  may 
not  be  correct,  and  the  scale  along  the  flight 
path  will  be  different  from  the  scale  across 
the  flight  path. 

Distortion  Without  Tangent  Correction 

If  imagery  is  made  without  rectilineari- 
zation,  the  aspect  ratio  will  be  correct  at  the 
nadir  or  at  two  points  equidistant  from  the 
nadir.  Since  the  scale  along  the  flight  path  is 
directly  proportional  to  true  ground  distance, 
and  the  scale  across  the  imagery  is  propor- 
tionsd  to  angle,  it  is  impossible  to  maintain 
true  aspect  ratio  throughout  the  image.  A 
compromise  is  necessary  and  is  usually  made 
by  selecting  the  film  velocity  so  that  true 
aspect  ratio  is  maintained  at  either  30°  or  45° 
from  the  nadir.  This  compromise  results  in 
minimum  distortion  over  most  of  the  image. 
If  this  aspect  ratio  distortion  is  ignored  while 
attempting  to  perform  even  simple  image 
interpretation,  serious  errors  can  result.  A 
straight  road  crossing  the  flight  path  at  an 
oblique  angle  will  appear  to  be  S-shaped  (fig. 
37). 

Distortions  Peculiar  to  CRT  Printers 

The  CRT  printer  can  be  rectilinearized 
quite  easily,  but  it  has  several  serious  disad- 
vantages. The  CRT  printer  is  inherently  more 
complex,  but  much  more  important  to  the 
imagery  interpreter  are  distortions  that  result 
from  electronic  circuit  drifts. 

The  angular  coverage  recorded  on  the 
image  is  determined  by  the  angular  velocity  of 
the  scanning  mirror  and  the  time  duration  of 
the  sweep  waveform  used  to  deflect  the  CRT 
electron  beam.  It  is  easy  to  change  the  time 
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Figure  34.— Aircraft  scanning  geometry. 


duration  of  the  sweep  to  provide  any  desired 
angular  coverage.  This  is  worthwhile  for  pro- 
viding versatility,  but  any  drift  in  the  elec- 
tronics can  easily  result  in  an  unintentional 
change  in  coverage  ar^le.  If  careful  checks  are 
not  made  prior  to  image  interpretation,  these 
drifts  can  cause  serious  errors. 

The  ability  to  rectilinearize  the  imagery  by 
developing  a  temgent  sweep  waveform  is  eui 
asset  of  the  CRT  printer.  But,  again,  drifts  in 
electronic  circuits  result  in  a  waveform  that 
does  not  accurately  follow  the  tangent  curve, 
and  unpredictable  distortions  may  result.  The 
tangent  waveform  required  to  rectilinearize 
the  imagery  results  in  nonlinear  velocity  of 
the  electron  beam  across  the  face  of  the  CRT. 


This  nonlinear  velocity  produces  a  nonuni- 
formity  in  brightness  across  the  scan  line.  In 
order  to  produce  usable  imagery,  this  change 
in  brightness  must  be  corrected.  If  this  correc- 
tion is  made  exactly,  no  problem  arises. 
Again,  if  electronic  circuit  drifts  occur,  this 
correction  may  be  improper  and  serious  shifts 
in  tone  across  the  imagery  may  result. 

SUMMARY 

Once  we  realize  the  number  of  ways  in 
which  angular  and  tonal  distortions  can  be 
introduced  into  line  scan  imagery,  we  may 
wonder  whether  a  device  having  so  many 
inherent  problems  can  produce  any  usable 
results. 
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Figure  35.— Thu  rectilinearized  image  shows  the  effect  of  aircraft  crab.  Note  that  roads  crossing  the  flight  path 
do  not  form  right  angles  with  the  road  directly  under  the  flight  path. 


Line  scan  technology  will  someday  ad- 
vance enough  to  produce  truly  stable  equip- 
ment. In  the  meantime,  we  may  use  the 
wealth  of  information  that  line  scanners  can 
provide,    but    with    care.    IR    imagery   must 


always  be  checked  against  conventional 
photography  so  that  distortion  can  be  nor- 
malized. Landmark  points  must  be  transferred 
from  imagery  to  aerial  photos  before  making 
measurements. 


Figure  36.— This  run  was  made  in  the  opposite  direction  to  that  shown  in  figure  35.  Here  the  roads  are  skewed 
in  the  opposite  direction.  The  apparent  curvature  in  the  road  at  the  left  side  of  the  image  was  produced  by 
turning  the  aircraft  during  the  run. 
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APPENDIX  IV 


VIDEO  ELECTRONICS  FOR  FIRE  MAPPERS 

The  electronics  in  most  thermal  scanners 
are  inadequate  for  mapping  large  forest  fires. 
Signal  processing  that  causes  overshoot,  ring- 
ing, and  shift  in  signal  level  can  aid  in 
identifying  low-energy  targets.  The  same  signal 
processing  used  with  high-energy  targets,  such 
as  forest  fires,  causes  partial  or  complete  loss 
of  terrain  detail  near  hotspots.  Forest  fire 
mapping  requires  electronic  processing  of  vari- 
able amplitude  and  width  signals  without  loss 
of  detail  of  adjacent  terrain.  Amplifiers  must 
have  fast  recovery,  minimize  overshoot,  and 
retain  the  original  terrain  background  refer- 
ence level. 

All  systems  of  thermal  imaging  require 
signal  amplification  (or  gain)  to  record  small 
detected  signals.  Direct-coupled  amplifiers  are 
desirable  for  the  application.  But  high-gain, 
direct-coupled  amplifiers  are  inherently  un- 
stable and  drift  severely  with  temperature 
changes.  Drift  can  be  reduced  by  a.c.  coupling, 
buta.c.  coupling  destroys  the  terrain  reference 
required  for  fire  mapping. 

The  problems  with  a.c.  coupling  can  be 
investigated  by  studying  the  effects  of  terrain 
and  fire  signals  (fig.  40)  on  the  electronic 
transfer  characteristic  of  an  amplifier.  A  sim- 
plified a.c. -coupled  amplifier  with  a  synchro- 
nous clamp  switch  is  shown  in  figure  38.  The 
shape  of  the  transfer  characteristic  (fig.  39)  is 
very  important  to  the  results  printed  on  film. 


Assume  a  transfer  curve  with  a  linear 
portion  (fig.  40).  The  typical  input  signal 
contains  a  series  of  maxima  and  minima 
corresponding  to  hot  (maxima)  and  cold 
(minima)  terrain  temperatures  (fig.  40A). 
Figures  40B  through  D  show  signals  corre- 
sponding to  fires  of  various  energies  £ind  sizes 
superimposed  on  the  terrain  signals.  Applying 
the  signals  from  figure  40  to  a  capacitor 
removes  the  d.c.  reference  level.  Terrain 
signals  that  were  used  to  establish  film  gray 
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Figure  38.— A.c. -coupled  amplifier. 
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Figure  39.— Typical  amplifier  transfer  curve. 


Figure  40.— Typical  detector  signals:  A,  Simulated  terrain  signal;  B,  with  weak  pulse;  C,  with  stronger  pulse; 
and  D,  with  very  strong  signal. 
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scales  are  forced  below  the  reference  level  by 
an  amount  equal  to  one-half  the  area  under 
the  fire  signal  (fig.  41).  As  the  fire  signal 
changes  in  height  and  width,  the  area  under 
the  curve  changes,  and  the  reference  level  is 
displaced  up  or  down  accordingly.  The  result 
is  a  continuing  change  in  gray  scales  for  the 
duration  of  the  strong  signals. 

Returning  to  the  transfer  characteristics 
(fig.  39),  we  see  that  the  linear  region 
becomes  the  "linear  dynamic  range"  of  the 
amplifier.  The  total  dynamic  range,  or  the 
information  available  for  printing  on  film,  is 
the  distance  between  the  ordinates  of  the 
curve  at  cutoff  and  saturation. 

Fire  signals  have  a  positive  polarity  with 
reference  to  terrain  signals.  The  linear 
dynamic  range  of  the  amplifier  can  best  be 
used  by  setting  the  bias  point  (Q-point)  near 
cutoff  (allowing  for  background  fluctuations 
and  temperature  drift).  Figure  42A  shows  a 
low-amplitude  background  signal  amplified  on 
the  linear  portion  of  a  transfer  curve.  The 
average  value  of  the  input  signal  is  zero,  and 
the  signal  is  amplified  around  the  reference 
(or  bias)  point.  Figure  42B  shows  a  very  nar- 
row, high-amplitude  pulse  on  the  terrain  back- 
ground signal.  The  area  under  the  pulse  is 
small  and  does  not  change  the  reference  level. 
Figures  42C  through  E  show  changes  in  back- 
ground level  produced  by  various  pulse  widths 


and  heights.  As  the  area  under  the  pulse 
increases,  the  terrain  signal  reference  is  forced 
toward  cutoff.  Fiurther  increase  in  the  pulse 
area  causes  the  gain  to  reduce  and  produces  a 
graying  (reduced  contrast)  effect  on  the  film. 
If  the  area  is  increased  sufficiently  to  force 
the  level  beyond  cutoff,  the  background  sig- 
nal is  completely  lost.  Signals  from  forest  fires 
exceed  the  cutoff  limits. 

When  amplitude  of  the  signal  exceeds  the 
transfer  characteristic  saturation  point,  fur- 
ther increase  in  the  input  signal  does  not 
change  the  output  signal.  The  signal  is  said  to 
be  clipped  or  limited;  hence,  a  voltage  clip- 
ping circuit.  The  solution  to  loss  of  d.c.  refer- 
ence seems  simple— clamp  the  terrain  signals 
to  a  given  reference  and  allow  the  strong 
signals  to  be  clipped  (fig.  42F).  With  an  ideal 
restoration  circuit,  the  reference  level  can  be 
clamped  and  maint£iined  for  any  fire  signal.  In 
reality,  the  restoration  circuit  becomes 
complicated.  Signal  amplitudes  must  be  large 
enough  to  clamp  before  a.c.  coupling  can  be 
used. 

Restoration  is  accomplished  by  closing 
the  synchronous  clamp  switch  (fig.  38)  and 
shorting  the  reference  point  to  ground.  (Any 
point  other  than  ground  may  be  selected  by 
setting  Ep  to  some  reference  level  determined 
by  the  circuit  requirements.)  Selection  of  the 
reference  time  creates  problems;  fortunately, 
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Figure  41.— Typical  signal  after  a.c.  coupling:  A,  Simulated  terrain  signal;  B,  no  reference  change  with  weak 
pulse;  C  and  D,  terrain  baseline  shifts  from  reference  level  as  the  signal  area  changes. 
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Figure  42.— Effects  of  a.c.  coupling  on  the  transfer  curve  of  a  typical  sunplifier:  A,  Terrain  signal;  B,  strong, 
narrow  target;  C,  weak,  wide  target;  D,  strong,  wide  target;  E,  weak,  very  wide  target;  and  F,  target  with 
d.c.  restoration. 


in  most  scanning  systems  there  is  a  "dead" 
time  when  the  detector  and  optics  are  looking 
at  the  inside  of  the  scemner.  The  scanner 
temperature  is  relatively  stable  and  forms  a 
reaisonable  reference.  To  insure  restoration 
during   the   dead   time,   the  switch  must  be 


synchronously  timed  to  the  optics  rotation.  A 
synchronous  gate  signal  closes  the  switch 
during  part  of  the  dead  time,  discharging  the 
capacitor  to  ground  and  forcing  each  scan 
(horizontal  sweep)  to  start  from  the  same 
reference.  The  portion  of  the  dead  time  selec- 
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ted  must  be  void  of  any  external  or  varying 
signals;  otherwise,  the  clamp  reference  will  be 
destroyed. 

Adequate  low-frequency  response  is 
required;  otherwise,  overshoot  will  become  a 
problem.  Figure  43  shows  the  effect  of  insuf- 
ficient low-frequency  response  as  the  tilt  on 
the  top  of  the  wave.  The  area  A-|^,  enclosed 
between  the  input  signal  and  the  tilted  wave 
shape,  must  equal  the  area  A2.  A2  is  over- 
shoot and  will  return  63  percent  of  the  dis- 
tance toward  zero  in  one  time  constant. 


T     =       1/2      TTfi 

where    T    =    one  time  constant 

fi     =    low  frequency  bandwidth. 

The  area  A2  is  more  noticeable  on  imagery 
than  A-^.  It  appears  as  a  dark  area  adjacent  to 
hot  fire  targets  and  slowly  recovers  to  the 
brightness  of  the  original  terrain  features.  If 
the  fire  area  is  large,  the  area  A  2  will  be  large 
and  may  obliterate  all  of  the  terrain  features 
on  the  trailing  edge  of  the  fire.  Figure  16 
shows  the  results  of  insufficient  low- 
frequency  response. 
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Figure  43.— Effect  of  insufficient  low-frequency  response:  A,  Input;  B,  output. 


Figure  44.— Ringing:  A,  Input;  B,  output. 
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The  system  must  be  able  to  recover 
quickly  after  scanning  hot  targets.  An  under- 
damped  system  causing  ringing  (fig.  44)  will 
appear  on  the  imagery  as  alternate  black  and 
white  areas  following  the  t£U*get  as  each 
maxima  and  minima  occurs.  Any  high- 
amplitude  target  or  pulse  can  cause  ringing. 
Ringing  is  often  used  to  identify  small  hot 
targets  by  multiple  spots  following  the  real 
target,    but    it    destroys    detail    of    adjacent 


terrain.  It  should  not  be  used  for  fire-mapping 
systems  where  terrain  information  is  impor- 
tant. Ringing  can  be  eliminated  by  adequately 
damping  oscillatory  components. 

When  the  system  is  severely  overdamped, 
recovery  is  slow.  The  target  is  elongated  (fig. 
45),  the  area  adjacent  to  the  fire  appears  the 
same  color  as  the  fire,  and  the  fire  edge  is  not 
discernible. 


Figure  45.— Target  elongation:  A,  Input;  B,  output. 
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Table  4. -Summary  of  fire  occurrence  by  Forest  Service  Regions,'  1944-63 


Year 

Regions 

Total 

1 

2 

3 

4 

5 

6 

7 

8 

9 

fires 

1944 

20 

8 

10 

49 

78 

26 

3 

35 

9 

238 

1945 

32 

3 

13 

22 

71 

36 

0 

31 

9 

217 

1946 

13 

3 

29 

27 

43 

16 

1 

22 

16 

170 

1947 

8 

7 

16 

50 

70 

11 

2 

27 

4 

195 

1948 

1 

9 

19 

35 

38 

3 

1 

18 

9 

133 

1949 

14 

9 

7 

28 

71 

30 

0 

15 

7 

181 

1950 

6 

12 

38 

14 

81 

12 

1 

20 

2 

186 

1951 

5 

8 

20 

17 

78 

29 

0 

20 

3 

180 

1952 

5 

10 

3 

11 

33 

21 

25 

31 

13 

152 

1953 

20 

5 

25 

18 

53 

3 

12 

18 

6 

160 

1954 

2 

7 

17 

13 

45 

3 

2 

20 

5 

114 

1955 

3 

10 

16 

8 

47 

7 

0 

14 

1 

106 

1956 

5 

11 

53 

24 

28 

2 

0 

9 

5 

137 

1957 

5 

0 

7 

16 

35 

4 

0 

4 

1 

72 

1958 

13 

11 

4 

27 

21 

19 

0 

5 

2 

102 

1959 

10 

4 

15 

31 

59 

22 

0 

7 

2 

150 

1960 

22 

22 

21 

45 

51 

54 

0 

13 

1 

229 

1961 

29 

3 

22 

37 

42 

33 

0 

2 

2 

170 

1962 

3 

12 

12 

20 

31 

13 

0 

5 

6 

102 

1963 

6 

17 

15 

17 

25 

13 

5 

26 

3 

127 

^For  fires  100  acres  and  larger.  Regions  1-6;  for  fires  300  acres  and  larger,  Regions  7-9. 
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Table  5. -Summary  of  IR  Ore-mapping  operations,  1964 


When  called  Final 


Number  sorties 


Per         Runs     Day    Night         time 


Initial        Average       Average  Average 

getaway    sortie  time       drop  IR  interpre-           Day  sortie 

target     retneval  tation  time             visibility 
time 


^^  °f        Distance  to  Average  ,              ^  .,      ^  ^v"  ^^PP'".^ 

scan  angle        fire  from  distance,  imagery  drops  Map  drops        by  IR  unit      Navigation     I R  mosaic 

60°      120°         nearest  aircraft  Day     Night            Day  Day     Night      problems        required 

airport  to  ground 


Minutes       Minutes      Minutes 


Parsnip 

Montana 

7/13-14 

Candle  Mtn.' 

Montana 

7/23-24 

Crazy  Creek' 

Montana 

7/27 

Willow  Tree 

Washington 

8/9 

Crab  Tree 

California 

8/10-12 

Switchback 

Oregon 

8/13 

Big  Creek 

Nevada 

8/16 

Keas  Canyon 

Nevada 

8/17-19 

Boulder-Magee 

Nevada 

8/19 

Summit 

California 

8/26-28 

French  Gulch 

California 

9/17 

Price' 

California 

9/18 

Nuns  Canyon 

California 

9/19 

Mill  Creek 

California 

9/23 

Coyote 

California 

9/24-28 

Eastwood 

California 

10/20 

Total 

Average 

Running 

Lodgepole  blowdown 

120 

150 

Creeping 

Lodgepole 

10 

11 

Running 

Subalpine 

8 

15 

Creeping 

Sagebrush 

1,500 

2,370 

Spotting 

Brush  &  timber 

1,500 

2,360 

Creeping 

Grass  &  sagebrush 

50 

50 

Creeping 

Sagebrush  &  grass 

5,500 

6,000 

Running 

Grass  &  sagebrush 

300 

10,350 

Creeping 

Grass 

215,000 

215,000 

Running 

Oak  &  brush 

2,000 

20,000 

Running 

Brush 

2 

10 

Running 

Grass  &  brush 

20 

300 

Running 

Oak  &  brush 

500 

3,000 

Creeping 

Oak  &  brush 

250 

300 

Running  &  Spotting 

Chaparral 

26.000 

67,000 

Running 

Grass  &  timber 

700 

800 

23 
1.44     Running— 50% 

Creeping— 37.5% 
Otliei-12.5% 


253,460     327,716     31.7        51.8      145.2     33       16 
15,841       20,482       2.0  3.2  9.1       2.1      1 


45 

105 

15 

30 

Clear 

606 

39.4 

60 

2 

20 

50 

DNA' 

40 

Clear 

76.3 

23.6 

15 

DNA 

55 

30 

05 

10 

Clear 

79.6 

204 

19 

2 

75 

60 

05 

60 

Clear 

0 

100.0 

35 

2 

105 

48 

05 

100 

Clear 

36.4 

63.6 

20 

3 

30 

30 

DNA 

40 

Clear 

80 

20 

15 

DNA 

105 

40 

05 

30 

Smoke 

0 

100.0 

8 

2 

20 

53 

05 

40 

Smoke 

6.2 

93.8 

70 

DNA 

15 

40 

DNA 

20 

Clear 

28.6 

71.4 

45 

DNA 

20 

67 

DNA 

80 

Smoke 

305 

69.5 

50 

1 

40 

20 

DNA 

20 

Clear 

loao 

0 

10 

DNA 

10 

95 

DNA 

30 

Smoke 

18.6 

81.4 

15 

DNA 

60 

60 

05 

25 

Smoke 

0 

lOOO 

10 

1 

10 

75 

DNA 

30 

Smoke 

25 

70 

30 

DNA 

20 

68 

DNA 

50 

Smoke  &  fog 

0 

100.0 

15 

15 

80 

25 

DNA 

20 

Smog 

0 

lOOO 

90 

DNA 

710 

866 

625 

507 

44,4 

54.2 

39.1 

Cleai-50% 
Smoke— 38% 
Smoke  &  fog— 6% 
Smog-6% 

33.9 

66.1 

31.7 

Yes 
Yes 
Yes 


Yes 
Yes 


Yes 

Yes 


No-94%      No-63% 
Yes-06%     Yes-37% 


Headquarters  were  not  located  c 
Does  not  apply 


DISTRIBUTION  LIST 


2520  Program 


No.  of 
Copies* 


Addressees 


No.  of 
Copies* 


11 


Dr.  M.  G.  Gibbons,  Code  908 

U.  S.  Naval  Radiological  Defense  Laboratory 

San  Francisco,  California  94135 

Mr.  T.  E.  Waterman 

IIT  Research  Institute,  Technology  Center 

Chicago,  Illinois  60616 

Mr.  John  L.  Crain 
Stanford  Research  Institute 
Menio  Park,  California  94025 

Mr.  S.  N.  Hirsch 
Forest  Fire  Research 
Northern  Forest  Fire  Laboratory 
Missoula,  Montana  59801 

Mr.  E.  C.  Mikelonis 

HRB-Singer,  Inc. 

Science  Park,  P.  O.  Box  60 

State  College,  Pennsylvania  16101 

Mr.  W.  G.  Labes 
IIT  Research  Institute 
Technology  Center 
Chicago,  Illinois  60616 

Mr.  W.  H.  Spencer 
Serendipity  Associates 
9760  Cozycroft 
Chatsworth,  California  91311 

Dr.  A.  F.  Robertson 
National  Bureau  of  Standards 
Washington,  D.  C.  20234 

National  Academy  of  Sciences 
National  Research  Council 
Committee  on  Fire  Research 
2101  Constitution  Avenue,  N.  W. 
Washington,  D.  C.  20418 

Dr.  Robert  Fristrom 

Editor,  Fire  Research  Abstracts  &  Reviews 

Applied  Physics  Laboratory 

The  Johns  Hopkins  University 

8621  Georgia  Avenue 

Silver  Spring,  Maryland  20910 

Mr.  T.  E.  Lommasson 
The  Dikewood  Corporation 
1009  Bradbury  Drive   S.  E. 
University  Research  Park 
Albuquerque,  New  Mexico  87106 

Dr.  H.  J.  Nielsen 

IIT  Research  Institute,  Technology  Center 

Chicago,  Illinois  60616 

Dr.  Carl  F.  Miller,  Director 
Operations  Evaluation  Programs 
Stanford  Research  Institute 
Menlo  Park,  California  94025 

Mr.  C.  H.  Yuill 

Fire  Research  Section 

Department  of  Structural  Research 

Southwest  Research  Institute 

8500  Culebra  Road 

San  Antonio,  Texas  78206 


20 


Army 


23  or  45 
copies 

+  Copies 
for  Foreign 


Addressees 

Mr.  B.  M.  Cohn 

Gage-Babcock  &  Associates,  Inc. 
9836  W.  Roosevelt  Road 
West  Chester,  Illinois  60153 

Mr.  W.  J.  Parker 

U.  S.  Naval  Radiological  Defense  Laboratory 

San  Francisco,  California  94135 

Mr.  M.  B.  Hawkins,  Manager 
Radiation  Technology  Division 
URS  Corporation 
1811  Trousdale  Drive 
Burlingame,  California  94010 

Dr.  Floyd  I.  John 
Stanford  Research  Institute 
Menlo  Park,  California  94025 

Assistant  Director  for  Materials 
DDR  &  E  (Materials) 
Pentagon,  Rm  3D117 
Washington,  D.  C.  20301 

Defense  Documentation  Center 
Cameron  Station 
Alexandria,  Va.  22314 

Col.  Thomas  S.  Schrieber 
ARPA,  OSD 
Room  2B260 
The  Pentagon 
Washington,  D.  C.  20301 

ARPA/AGILE 

Department  of  Defense 

Attn:  Director  for  Remote  Area  Conflict 

Rm  3E169,  The  Pentagon 

Washington,  D.  C.  20301 

Chief,  National  Military  Command  Systems 
Support  Center  (Code  B210) 
The  Pentagon 
Washington,  D.  C.  20301 

Field  Command 

Defense  Atomic  Support  Agency 

Sandia  Base 

Albuquerque,  New  Mexico  87115 

Field  Command  Technical  Library 

Office  of  the  Secretary  of  the  Army 
Office  of  Civil  Defense 
Attn;  Assistant  Director  of 
Civil  Defense  (Research) 
Washington,  D.  C.  20310 

Assistant  Secretary  of  the  Army  (R&D) 
Attn:  Assistant  for  Research 
Washington,  D.  C.  20310 

Office  of  the  Adjutant  General 
Department  of  the  Army 
Attn:  AGAL-CD 
Washington,  D.  C.  20310 


*One  copy  unless  otherwise  indicated 


Army 


Navy 


Commanding  General 
U.  S.  Army  Materiel  Command 
Attn:  AMCRD-DM-E 
Washington,  D.  C.  20310 

Commanding  General 
U.  S.  Army  Materiel  Command 
Washington,  D.  C.  20310 
Attn:  AMCRD-DN-RE 

U.  S.  Army  Combat  Developments  Command 
Attn:  Director  for  Materiel  Requirements 
Fort  Belvoir,  Virginia  22060 

Commanding  Officer 

U.  S.  Army  Combat  Developments  Command 

Nuclear  Group 

Fort  Bliss,  Texas  79916 

Joint  Civil  Defense  Support  Group 

Office  of  the  Chief  of  Engineers,  ENGMC-DE 

Department  of  the  Army 

Gravelly  Point,  Virginia  20315 

Chief  of  Engineers 

U.  S.  Army 

Attn:  ENG-MX-FF 

Washington,  D.  C.  20315 

Chief,  Fire  Suppression  Section 

Sanitary  Sciences  Branch 

U.  S.  Army  Engineer  Research  & 

Development  Laboratory 

Ft.  Belvoir,  Virginia  22060 

U.  S.  Army  Engineer  Research  & 
Development  Laboratories 
Attn:  Technical  Document  Center 
Fort  Belvoir,  Virginia  22060 

U.  S.  Army  Engineer  School  Library 
Thayer  Hall  (Bldg.  270) 


Navy 


AF 


Thayer  Hall  (Bldg.  270) 
Fort  Belvoir,  Virginia  2! 


22060 

Army  War  College 

Attn:  Library 

Carlisle  Barracks,  Pennsylvania  17013 

U.  S.  Naval  Radiological  Defense  Laboratory 

Attn:  Technical  Library 

San  Francisco,  California  94135 

Chief  of  Naval  Research  (Code  104) 
Department  of  the  Navy 
Washington,  D.  C.  20360 

Dr.  Richard  L.  Tuve 

Code  6220 

U.  S.  Naval  Research  Laboratory 

Washington,  D.  C.  20390 

U.  S.  Naval  Research  Laboratory 
Attn:  Technical  Library 
Washington,  D.  C.  20390 

U.  S.  Naval  Civil  Engineering  Laboratory 

Attn:  Technical  Library 

Port  Hueneme,  California  93041 

Coordinator,  Marine  Corps  Landing  Force 
Development  Activities 
Marine  Corps  Schools 
Quantico,  Virginia  22134 

Chief,  Bureau  of  Ships 
Department  of  the  ^favy  (Code  203) 
Washington,  D.  C.  20360 


AEC 


Miscellaneous 

Government 

Agencies 


Chief,  Bureau  of  Medicine  and  Surgery  i 

Department  of  the  Navy  I 

Washington,  D.  C.  20390  " 

Chief,  Bureau  of  Supplies  and  Accounts  (Code  L 
Department  of  the  Navy 
Washington,  D.  C.  20360 

Chief,  Bureau  of  Yards  and  Docks 
Department  of  the  Navy 
Office  of  Research  (Code  74) 
Washington,  D.  C.  20390 

Chief,  Bureau  of  Naval  Operations  (Op  07T10) 
Department  of  the  Navy 
Washington,  D.  C.  20350 

Chief,  Bureau  of  Naval  Weapons  (Code  RRRE-5 
Department  of  the  Navy 
Washington,  D.  C.  20360 

Mr.  Thomas  I.  Monahan 

U.  S.  Naval  Applied  Science  Laboratory 

Brooklyn,  New  York  11251 

U.  S.  Naval  Applied  Science  Laboratory  (Code  9 
Attn:  Technical  Library 
Brooklyn,  New  York  11251 

Director,  Special  Project  Office 
Department  of  the  Navy  (Code  SP-114) 
Washington,  D.  C.  20360 

Hq.  ATC  (ATXPL-C) 
Randolph  AFB,  Texas  78148 

Air  University  Library 
Attn:  AUL3T-66-217 
Maxwell  AFB,  Alabama  36112 

Mr.  B.  Botteri 

Air  Force  Aero  Propulsion  Laboratory 
Aeronautical  Systems  Division 
Wright  Patterson  Air  Force  Base 
Dayton,  Ohio  45809 

Technical  Training  Center  (TSWN) 
Lowry  AFB,  Colorado  80230 

Hq.  U.  S.  Air  Force  (AFOCED) 
Attn:  Mr.  Gifford  Cook 
Deputy  Chief,  Fire  Protection  Group 
Washington,  D.  C.  20333 

Atomic  Energy  Commission 

Director  of  Information  Extension 

Attn:  Mr.  Robert  Shannon,  Extension  Manager 

P.  O.  Box  62 

Oak  Ridge,  Tennessee  37830 

Atomic  Energy  Commission 
Civil  Effects  Branch 
Division  of  Biology  and  Medicine 
Washington,  D.  C.  20545 

National  Academy  of  Sciences 
Advisory  Committee  on  Civil  Defense 
Attn:  Mr.  Richard  Park 
2101  Constitution  Avenue,  N.  W. 
Washington,  D.  C.  20418 

Oak  Ridge  National  Laboratory 

Civil  Defense  RE  Project 

P.  O.  Box  X 

Oak  Ridge,  Tennessee  37380 


♦One  copy  unless  otherwise  indicated 


lellaneous 
rnment 


Institute  for  Defense  Analysis 
400  Army-Navy  Drive 
Arlington,  Va.  22202 
Attn:  Five  City  Data  Bank,  Rm  7B1 

Office  of  Emergency  Planning 
Executive  Office  Building  Annex 
Attn:  Analysis  &  Research  Office 
604  17th  Street,  N.  W. 
Washington,  D.  C.  20504 

Office  of  Emergency  Planning 
National  Resources  Evaluation  Center 
Attn:  Dr.  Joseph  D.  Coker 
Executive  Office  Building 
Washington,  D.  C.  20504 

U.  S.  Department  of  Agriculture 
Forest  Service 
Attn:  Forest  Fire  Research 
Washington,  D.  C.  20250 

U.  S.  Forest  Service 
P.  O.  Box  245 
Berkeley,  California  94701 
Attn:  A.  Broido 

Department  of  Housing  &  Urban  Development 
Urban  Renewal  Administration 
Lafayette  Bldg.,  Room  809 
Washington,  D.  C.  20410 
Attn:  Mr.  George  A.  Karas 

Mr.  C.  M.  Middleworth 

Systems  Research  and  Development  Service 

Federal  Aviation  Agency 

National  Aviation  Facilities  Experimental  Center 

Atlantic  City,  New  Jersey  08405 

Mr.  Douglas  Cornog 

Rm  111  Bldg  21 

National  Bureau  of  Standards 

Washington,  D.  C.  20234 

Federal  Fire  Council 
19th  &  F  Streets,  N.  W. 
Washington,  D.  C.  20405 

Department  Library 

Fire  Department  City  of  New  York 

48-34  35th  Street 

Long  Island  City,  N.  Y.  11101 

Hudson  Institute 

Attn:  Dr.  William  Brown 

Quaker  Ridge  Road 

Harmon-on-Hudson,  New  York  10520 

Research  Triangle  Institute 
Attn:  Dr.  Edgar  A.  Parson 
P.  O.  Box  490 
Durham,  North  Carolina  27702 

Mr.  William  L.  White 
Stanford  Research  Institute 
Menlo  Park,  California  94025 

Mr.  Eugene  Sevin 
IIT  Research  Institute 
Technology  Center 
Chicago,  Illinois  60616 

Institute  for  Defense  Analysis 
Attn:  Classified  Library 
400  Army-Navy  Drive 
Arlington,  Virginia  22202 


Educational 
Institutions 


Mr.  Stanley  Martin 
URS  Corporation 
1811  Trou.sdale  Drive 
Burlingame,  California  94011 

Dr.  Forman  A.  Williams 

Department  of  the  Aerospace  &  Mechanical 

Engineering  Sciences 

University  of  California,  San  Diego 

P.  O.  Box  109 

La  Jolla,  California  92038 

System  Development  Corporation 
Attn:  Mr.  Murray  Rosenthal 
2500  Colorado  Avenue 
Santa  Monica,  California  90406 

Factory  Mutual  Research  Corporation 
Attn:  J.  B.  Smith,  Vice  President 
1151  Boston-Providence  Turnpike 
Norwood,  Massachusetts  02062 

Library 

Southwest  Research  Institute 

8500  Culebra  Road 

San  Antonio,  Texas  78206 

Dr.  Philip  Neff 

Director,  Economic  Division 

Planning  Research  Corporation 

1100  Glendon  Avenue 

Los  Angeles,  California  90024 

Mr.  D.  O'Brien,  Executive  Director 
International  Association  of  Fire  Chiefs 
232  Madison  Avenue 
New  York,  New  York  10016 

Mr.  William  D.  Buck,  President 
International  Association  of  Fire  Fighters 
815-16th  Street,  N.  W. 
Washington,  D.  C.  20006 

Mr.  James  F.  Casey,  Editor 
F'ire  Engineering 
466  Lexington  Avenue 
New  York,  N.  Y.  10017 

International  Society  of 
Fire  Service  Instructors 
Attn:  Mr.  John  W.  Hoglund 
P.  O.  Box  383 
College  Park,  Maryland  20740 

National  League  of  Cities 
City  Building 
1612  K  Street,  N.  W. 
Washington,  D.  C.  20006 


Mr.  Hank  Collins 
Underwriters'  Laboratory, 
207  E.  Ohio  Street 
Chicago,  Illinois  60611 


Inc. 


Mr.  Richard  E.  Stevens,  Secretary-Treasurer 
Society  of  Fire  Protection  Engineers 
60  Batterymarch  Street 
Boston,  Massachusetts  021 10 

National  Fire  Protection  Association  Library 
60  Batterymarch  Street 
Boston,  Massachusetts  02110 

Mr.  John  A.  Samuel 

Department  of  Mechanical  Engineering 

University  of  Florida 

Gainesville,  Florida  32601 


♦One  copy  unless  otherwise  indicated 


Ed  Inst  Los  Angeles  Fire  Department 

Attn:  Deputy  Chief  E.  A.  Lotz 
217  South  Hill  Street 
Los  Angeles,  California  90012 

Professor  Rolf  H.  Jensen,  Chairman 
Fire  Protection  Engineermg  Department 
Illinois  Institute  of  Technology 
Technology  Center 
Chicago,  Illinois  60616 

Dr.  Harold  L.  Brode 

Physics  Department 

The  RAND  Corporation 

1700  Main  Street 

Santa  Monica,  California  90406 

Mr.  Willard  L.  Derksen 

Head,  Thermal  Radiation  Program 

U.  S.  Naval  Applied  Science  Laboratory 

(Code  941) 

Flushing  and  Washington  Avenues 

Brooklyn,  New  York  11251 

Mr.  Jack  R.  Kelso 
Chief,  Land  &  Naval  Div. 
Defense  Atomic  Support  Agency 
Department  of  Defense 
Washington,  D.  C.  20305 

Mr.  Clarence  R.  Mehl 

Theory  and  Analysis  Division 

Sandia  Corporation 

Division  5231 

Sandia  Base 

Albuquerque,  New  Mexico  87115 

Mr.  Luke  J.  Vortman 
Underground  Physice— Division  5232 
Sandia  Corporation 
Albuquerque,  New  Mexico  87115 

Dr.  Clayton  S.  White 

President-Director 

Lovelace  Foundation  for  Medical 

Education  and  Research 

5200  Gibson  Boulevard,  Southeast 

Albuquerque,  New  Mexico  87108 

Commanding  Officer,  Army  Chemical  School 
Fort  McClellan,  Anniston,  Alabama  36201 

Commanding  Officer,  Naval  Unit 

Fort  McClellan,  Anniston,  Alabama  36201 

Science  Information  Exchange 
Attn:  Dr.  Vincent  Maturi 
Suite  209 
1730  M.  St.,  N.  W. 
Washington,  D.  C.  20036 


*One  copy  unless  otherwise  indicated 


Security   Classifu-atJon 


DOCUMENT  CONTROL  DATA  -  R  &  D 

(Sfcurily  ctasstlication  of  tt!le,  body  of  ahstrtu-l  arut  uulfimn  (i/ino[iiUi>n  mutit  ht'  rnttrt'd  when  the  overall  report  is  ctaagllled) 


1     ORIGINAIING  ACIIVIIY   (Corporate  author) 


U.S.  Department  of  Agriculture,  Forest  Serv 
Intermountain  Forest  5  Range  Exp.  Station 
Northern  Forest  Fire  Laboratory 


;a     RfPOBI  Stl_UR.IY  f'.ASS.FlC  AliON 

Unclassified 


3     BEPOBI    TITLE 


THE  USE  AND  SYSTEM  REQUIREMENTS  OF  INFRARED  SCANNERS  IN  MAPPING 
WILDFIRES 


i     DeSCBlPIlvE  MOTES  {Type  of  report  and  mrlusiie  dates) 


PROJECT  FIRE  SCAN  FIRE  MAPPING  FINAL  REPORT,  April  1962  to  Dec.  1966 


5    AUTHORlS)  (First  name,  middle  initial,  last  name) 


Stanley  N.  Hirsch,  Robert  L.  Bjornsen,  Forrest  H.  Madden, 
Ralph  A.  Wilson 


6     REPORT   DATE 

1968 


7a     lOTAl  NO    OF  PAGES 


60 


7b     NO     or    REFS 


7? 


8a.    CONTRACT  OR  GRANT  NO 


9a     ORIGINATOR  S  REPORT  NUMBERISI 


OCD-OS-62-174  and  OCD-PS-66-17 

h    PROJEO   NO  ,        ,,       .  ^^  ^  ^    n 

Work  Unit  2521A 


U.S.  Forest  Service 
Research  Paper  INT-49 


9i    OTHER  REPORT  NOISI   (Any  other  numbers  that  may  be  assigned 
this  report) 


10     DISTRIBUTION   STATEMENT 


This  document  has  been  approved  for  public  release  and  sale;  its 
distribution  is  unlimited. 


1  1      SUPPLEMENTARr    NOTES 


13     SPONSORING    MlllTARy    ACTIVITY 


Department  of  the  Army 

Office  of  the  Secretary  of  the  Army 

Washington,  D.C.   20310     


13  ABSTRAa 


An  airborne  infrared  line  scanner  sensitive  to  the  3-  to  5-micron  spec 
tral  region  mapped  38  forest  fires  during  the  1963,  1964,  and  1966 
fire  seasons.  The  imagery  obtained  provided  information  about  the  fire 
perimeter,  relative  intensity  of  burning  areas,  and  spot  fire  location 
under  conditions  when  smoke  or  darkness  prevented  visual  reconnaissance 
This  report  describes  the  operational  methods  and  equipment  used,  and 
gives  many  examples  of  imagery  collected.   It  discusses  the  radiometric 
and  electronic  characteristics  peculiar  to  fire-mapping  applications. 
A  unique  dual  Polariod  recording  camera  was  developed  to  provide  quick- 
ly available  imagery  for  airdrop  to  fire  headquarters. 


DD   ,,r..    '473 


REPLACES  DD  FORM    I  473.    I    JAN  64    WHICH  IS 
OBSOLETE   FOR  ARMY  USE 


Security  f'Ia».sificfllH)n 


Security  Classification 


KEY   WORDS 


ROIE  WT 


Wildfire  mapping 
Remote  sensing 
Infrared  line  scanners 
Infrared  imagery 


Security  Classification 


Headquarters  for  the  Intermountain 
Forest  and  Range  Experiment  Station 
are  in  Ogden,  Utah.  Project  headquarters 
are  also  at: 

Boise,  Idaho 

Bozeman,    Montana    (in    cooperation 
with  Montana  State  University) 

Logan,    Utah    (in    cooperation    with 
Utah  State  University) 

Missoula,    Montana    (in    cooperation 
with  University  of  Montana) 

Moscow,  Idaho  (in  cooperation  with 
the  University  of  Idaho) 

Provo,     Utah    (in    cooperation    with 
Brigham  Young  University) 


AK'S      llCIJlfg    U\k\l      (,H   14'J7  ■ 


"T/ie  Forest  Service  of  the  U.  S.  Depart- 
ment of  Agriculture  is  dedicated  to  the 
principle  of  multiple  use  management  of 
the  Nation's  forest  resources  for  sustained 
yields  of  wood,  water,  forage,  wildlife,  and 
recreation.  Through  forestry  research 
cooperation  with  the  States  and  private 
forest  owners,  and  management  of  the 
National  Forests  and  National  Grasslands, 
it  strives— as  directed  by  Congress— to  pro- 
vide increasingly  greater  service  to  a  grow- 
ing Nation/' 


<:}:^-^''  us 


^' 


i^ 


'O' 


^ 


CRONARTWM  COMANDRAE 


■^ 


IN  THE 
ROCKY  MOUNTAIN  STATES 


by 
R.  G.  KREBILL 


RESEARCH  PAPER 

INT-50,  1968 

INTERMOUNTAIN  FOREST 

AND  RANGE  EXPERIMENT  STATION 

OGDEN,  UTAH 


RECENT  PUBLICATIONS  ON  STEM  RUSTS  OF  HARD  PINES  BY 
INTERMOUNTAIN  FOREST  AND  RANGE  EXPERIMENT  STATION 

Koenigs,  J.  W.  1966.  An  evaluation  of  antibiotics  for  control  of  comandra  rust  on  lodge- 
pole  pine.  Plant  Dis.  Reptr.  50:  528-531. 

Krebill,   R.   G.    1965.  Comandra  rust  outbreaks  in    lodgepole    pine.    J.    Forest.    63 : 
519-522. 

Krebill,  R.  G.  1968.  Histology  of  canker  rusts  in  pines.     Phytopathology    58:  155-164. 

Laycock,  W.  A.,  and  R.  G.  Krebill.  1967.  Comandra,  grazing,  and  comandra  blister  rust. 
U.  S.  Forest  Serv.  Res.  Pap.  INT-36,  9  pp. 

Mielke,  J.  L.,  R.  G.  Krebill,  and  H.  R.  Powers,  Jr.  1968.  Comandra  blister  rust  of  hard 
pines.  U.  S.  Dep.  Agr.,  Forest  Serv.,  Forest  Pest  Leafl.  62. 

Mielke,  J.  L.,  and  R.  S.  Peterson.  1967.  AVo'mo  Peridermium  harknessii  in  ponderosa  pine. 
Plant  Dis.  Reptr.  51  :  306-309. 

Peterson,  R.  S.  1966.  Cronartium  mycelium  parasitizing  gymnosperm  and  angiosperm 
tissues  simultaneously.  Mycologia  58:  474^77. 

Peterson,  R.  S.  1966.  Limb  rust  damage  to  pine.  U.  S.  Forest  Serv.  Res.  Pap.  INT-31, 
10  pp. 

Peterson,  R.  S.  1966.  On  sweetfern  blister  rust.  Plant  Dis.  Reptr.  50:  744-746. 

Peterson,  R.  S.  1967.  The  Peridermium  species  on  pine  stems.  Bull.  Torrey  Bot.  Club 
94:  511-542. 

Peterson,  R.  S.  1968.  Limb  rust  of  pine:  the  causal  fungi.     Phytopathology  58  :  309-315. 

Peterson,  R.  S.,  and  R.  S.  Quinard.  1967.  Cronartium  conigenum:  distribucioti  y  efectos 
en  los  pinos.  Boletin  Tecnico  19,  1 1  pp. 

Peterson,  R.  S.,  and  R.  G.  Shurtleff,  Jr.  1965.  Mycelium  of  limb  rust  fungi.  Amer.  J.  Bot. 
52:  519-525. 


U.  S.  Forest  Service  Researcli  Paper  INT-50 


1%S 


CRONARTIUM  COMANDRAE 

IN  THE 
ROCKY  MOUNTAIN  STATES 


by 
R.  G.  Krebi 


INTERMOUNTAIN  FOREST  AND  RANGE  EXPERIMEN I  STA HON 

Forest  Service 

U.  S.  Department  of  Agriculture 

Ogden,  Utah   84401 

Joseph  F.  Pechanec,  Director 


u 


CONTENTS 


INTRODUCTION      1 

SPORE  VIABILITY  AND  GERMINATION 3 

Aeciospores      3 

Urediniospores      5 

Teliospores 6 

Basidiospores 10 

INFECTION     13 

Comandra    13 

Pine    14 

OVERWINTERING 16 

PHENOLOGY  OF  LODGEPOLE  PINE,  COMANDRA,  AND  CRONARTIUM 

COMANDRAE  IN  THE  ROCKY  MOUNTAIN  STATES 16 

SUMMARY  AND  CONCLUSIONS 24 

LITERATURE  CITED 27 


ui 


THE  AUTHOR 

R.  G.  Krebill,  Plant  Pathologist  and  leader  of  the  project  on  native 
rusts  of  western  conifers  at  Logan,  joined  the  Intermountain  Sta- 
tion staff  in  1962.  He  holds  the  bachelor  of  science  degree  in 
forestry  from  the  University  of  California  and  the  doctoral  degree 
in  plant  pathology  from  the  University  of  Wisconsin. 

The  author  is  stationed  at  the  Forestry  Sciences  Laboratory, 
Logan,  Utali,  which  is  maintained  in  cooperation  with  Utali  State 
University. 


IV 


INTRODUCTION 


Cronurliuni  a>iiiaihlrae  Pk.  is  a  lieteroecious  fun- 
gus tliat  lives  as  an  obligate  parasite  in  hard  pines  and 
comandras.  Althougii  distributed  across  North  Amer- 
ica, C.  cuinandrae  is  prt)bably  most  common  now  in 
the  Rocky  Mountain  States.  There  it  produces 
uredinia  and  telia  on  Comaiidra  unibellata  (L.)  Nutt. 
ssp.  pallida  (A.  DC.)  Piehl  (iig.  1 )  and  aecia  on  lodge- 
pole  pine  (Piiius  contorta  Dougl.)  and  ponderosa  pine 
(Finns  ponderosa  Laws.).  On  pine  it  produces  the  de- 
structive canker  disease  (Iig.  2)  known  as  comandra 
blister  rust  (Hedgcock  and  Long  1915  and  Mielke 
1961).  This  rust  was  believed  to  be  an  important 
problem  in  the  West  only  on  ponderosa  pine  until 
Mielke  (1957)  reported  that  it  was  also  causing  wide- 
spread damage  to  lodgepole  pine  in  the  Rocky  Moun- 
tains. Concern  developed  that  the  rust  was  intensi- 
fying and  could  become  a  serious  obstacle  to  the  or- 
derly management  of  lodgepole  pine.  Subsequent 
studies  of  the  chronology  of  comandra  blister  rust 
outbreaks  in  the  Rocky  Mountain  States,  made  by 
dating  cankers  by  ring  analysis,  indicated  that  infec- 
tion of  lodgepole  pine  was  abundant  for  several  dec- 
ades prior  to  about  1945,  and  since  then  extremely 
scarce  (Peterson  1962  and  Krebill  1965).  Thus  the 
comandra  blister  rust  damage  that  is  now  apparent  in 
lodgepole  pine  in  the  Rocky  Mountain  States  arises 
from  old  outbreaks  of  infection  and  will  not  increase 
unless  future  outbreaks  occur.  To  better  evaluate  the 
potential  threat  of  this  rust,  we  must  have  a  thorough 
understanding  of  the  causes  of  outbreaks. 

It  has  long  been  suspected  that  fluctuations  in  the 
abundance  of  comandra  might  influence  the  occur- 
rence of  comandra  rust  outbreaks  in  pine.  Meinecke 
(1928)  indicated  that  such  changes  were  major  fac- 
tors regulating  outbreaks  in  ponderosa  pine.  Some 
evidence  was  provided  by  a  severe  outbreak  of 
comandra  rust  in  the  Shasta  River  drainage  of  north- 
ern California.  When  the  site  was  examined  in  1914 
by  J.  S.  Boyce,  heavily  infected  comandra  occurred 
commonly  among  recently  infected  ponderosa  pine 
(Wagener  I960).'  In  the  same  area  nearly  50  years 
later  Wagener  (I960)'  found  that  the  rust  was  still 
common,  but  both  comandra  and  young  cankers  in 
pine  were  scarce. 

In  tiie  Rocky  Mountain  States  fluctuations  in 
comandra     populations    are    poorly    documented. 


Mielke  (1957)  suggested  that  clianges  in  ct)mandra 
abundance  might  be  occurring  in  the  Intermountain 
area,  and  Laycock  and  Krebill  (1967)  present  some 
evidence  of  change  in  long-term  study  plots.  Also,  the 
fact  that  it  is  now  difficult  to  find  comandra  near 
some  areas  where  old  pine  infections  are  abundant 
(Peterson  1962  and  Krebill  1965)  indicates  reduction 
of  comandra,  unless  the  infections  were  due  originally 
to  long-distance  spread  of  liie  rust. 

The  causes  of  changes  in  abundance  of  comandra 
are  even  less  well  known  than  the  influence  of  such 
changes.  Wagener  (I960)'  suggested  that  closing  of 
an  overstory  might  have  reduced  comandra  in  the 
Shasta  River  drainage  outbreak  area.  This  idea  has 
merit  since  comandra  does  not  survive  in  deep  shade. 
Meinecke  (1928)  suggested  that  continual  infection 
oi'  comandra  over  a  number  oi'  years  following  a 
buildup  of  comandra  rust  in  pine  causes  comandra 
populations  to  decline  and  remain  at  low  levels  until 
the  rust  dies  down  in  pine;  then  comandra  can  rees- 
tablish itself  and  set  up  conditions  for  new  waves  of 
pine  infection.  This  sequence  of  events  might  occur 
on  sites  where  comandra  is  not  a  stable  member  of  a 
community.  However,  comandra  is  commonly  abun- 
dant now  near  most  old  outbreak  areas  in  the  Rocky 
Mountain  States,  despite  frequent  heavy  infection  of 
the  plants.  The  suggestion  has  also  been  made  that 
comandra  has  increased  in  the  West  because  of  over- 
grazing (Kimmey  1958  and  Mielke  1957  and  19ol), 
but  a  more  recent  evaluation  casts  doubts  on  this  idea 
(Laycock  and  Krebill  1967). 

Although  presence  of  the  alternate  iiost  is  a 
requirement  for  spread  of  the  rust,  climatic  condi- 
tions suitable  for  infection  and  development  also  play 
a  large  part  (Wagener  I960,'  Mielke  1961,  Krebill 
1965,  and  Powell  1965).  The  present  study  improves 
our  understanding  of  this  phase  of  the  epidemiology 
of  comandra  blister  rust  in  lodgepole  pine  by  leveal- 
ing  the  influence  of  some  piiysical  factors  of  the 
environment  on  the  lite  cycle  of  C.  coniandrac  and  by 
relating  these  findings  to  the  phenology  of  the  hosts 
and  parasite  in  a  portion  of  the  Rocky  Mountains. 


'  Wagener,  h'.  It'.  Sporadic  diseases  in  yoiiiif;  stands 
in  California  and  Nevada,  /'p.  14-22.  IS:  /'roe.  oj  the  l.inlitli 
Western  Int.  i-orest  Dis.  Work  Con]..  A  or.  J'A/Jcc.  2.  1960. 
Unpiil)lished.  permission  to  cite  f^ranted  by  W.   W.   Waf;ener. 


ligiirc  1.-  Comandra  umbellata  ssp.  pallida, 
host  plant  for  the  uredinial  and  tchal 
stages  of  Cronartium  comandrac  in  the 
Rocky  Mountain  States. 


Figure  2.-  Cronartium  comandrac  canker  in 
lodgepole  pine  in  Custer  National  Forest, 
Montana.  Baik  was  removed  by  rodent 
chewing,  as  is  typical  in  the  West. 


SPORE  VIABILITY  AND  GERMINATION 


To  explore  the  iiitliience  ot  eiiviroiiiiiental 
conditions  on  spores  during  dissemination  and  germi- 
nation, many  experiments  were  run  under  controlled 
and  monitored  environmental  conditions.  Hxperi- 
ments  were  made  to  investigate  all  spore  stages 
involved  in  infection  of  comandra  and  pine,  that  is 
(1)  aeciospores  on  pine,  with  ability  to  infect 
comandra;  (2)  urediniospores  on  comandra,  with  abil- 
ity to  reinfect  comandra  plants;  (3)  teliospores  in 
telia  on  comandra,  which  form  basidiospores;  and  (4) 
basidiospores  which  may  infect  pines. 


cent  available  CI)  was  atomi/ed  onto  test  surfaces  to 
inhibit  further  germination.  Percent  germination  was 
determined  by  ci)unting  at  least  200  spores,  and 
length  was  measured  in  20  germ  tubes.  Counts  and 
lengths  were  taken  using  a  microscope;  fields  of  view 
were  not  ciiosen  systematically,  but  instead  the 
observer  attempted  to  scatter  views  over  the  test  sur- 
face by  moving  the  slide  more  or  less  at  random. 
Evaluations  of  germination  of  other  spore  stages  pre- 
sented in  this  paper  were  made  by  this  technique 
unless  otherwise  indicated. 


AECIOSPORES 

Annual  crops  of  aeciospores  are  produced  in 
aecia  from  perennial  mycelium  in  live  bark  of  cankers 
of  pines.  At  maturity,  aecial  peridia  rupture  and 
expose  dark-orange  masses  of  many  thousands  of 
teardrop-shaped  aeciospores.  These  spores  are  dis- 
seminated by  wind  and  function  as  the  primary 
inoculum  for  infection  of  comandra. 


Re  suits. -Although  germinating  aeciospores 
frequently  formed  several  germ  tubes,  one  tube 
usually  became  dominant  (fig.  3).  When  both  percent 
germination  and  length  of  dominant  germ  tubes  are 
considered,  temperatures  between  about  8°  and  IX° 
C.  are  most  favorable  for  vigorous  germination,  but 
good  germination  occurs  over  a  broader  range  (fig.  4). 
Only  at  the  extremes  of  3°  and  28°  to  3^°  C.  was 
germination  poor. 


Effects  of  Temperature  on  Germination 


Method. -Aeciospores  collected  in  June  from 
recently  ruptured  aecia  were  tested  for  their  ability  to 
germinate  at  several  temperatures.  Six  samples  repre- 
senting Cache,  Targhee,  Teton,  and  Wasatch  National 
Forests  were  tested.  Spores  were  collected  with  a 
small  cyclone  separator,  stored  in  gelatin  capsules, 
and  kept  cool  until  tested  within  a  few  days. 
Collodion  membranes  floating  on  distilled  water  in 
petri  plates  were  used  as  the  substrate  for  germi- 
nation. These  membranes  were  made  by  pressing  large 
drops  of  collodion  between  two  glass  slides,  sepa- 
rating the  slides,  air-drying  the  exposed  surfaces,  and 
finally  floating  the  membranes  off  onto  water.  Such 
membranes  were  uniformly  a  few  microns  thick  and 
proved  excellent  for  aeciospore  germination.  Small 
masses  of  spores  were  blown  through  a  cyclone  sepa- 
rator into  a  40-cm.-high  settling  tower  where  spores 
tell  onto  the  test  membranes.  Germination  was  simul- 
taneously tested  at  5°  C.  intervals  from  3°  to  33° 
C.±0.5°C.  After  spores  had  been  incubated  24  hours 
in  darkness,  a  sodium  hypochlorite  solution  ( 1   per- 


^^ 


■igure  3.--Cicrmination  oi  C.  comanJrac  dccio- 
spore  after  24  hours,  incubation  (X 
200).  Note  the  distinctive  teardrop  shape 
of  nearby  aeciospores. 


100 


?      50- 


3  500 


O   400 


300 


200 


100 


3  8  13 

TEMPERATURE 


18  23  28 

(Degrees   Celsius) 


I'igure  4. -Germination  of  aeciospores  after  24 
hours'  incubation  at  several  temper- 
atures. The  darker  hues  are  means  of  the 
individual  samples. 

An  exploratory  test  also  was  conducted  to 
determine  how  quickly  aeciospores  germinate  and 
germ  tubes  grow.  Methods  used  to  collect  and  prepare 
spores  were  similar  to  those  described  above,  but  only 
one  collection  (Cache  National  Forest)  was  tested. 
Germination  of  spore  groups  was  stopped  after  incu- 
bation periods  varying  from  3  to  48  hours.  Results 
indicate  that  most  viable  spores  germinate  within  the 
first  3  hours  of  incubation  at  favorable  temperatures 
and  that  germ  tubes  continue  to  grow  for  more  than 
24  hours  (table  1). 

Effects  of  Light  on  Germination 

The  tests  of  temperature  effects  were  run  in 
darkened  chambers  and  probably  indicate  what 
would  happen  at  night  in  field  conditions.  In  other 
tests,  aeciospores  germinated  equally  well  in  low  light 


such  as  might  be  present  on  cloudy  days.  Germi- 
nation was  nil  in  tests  in  direct  sunlight,  but  in  the 
field  there  would  rarely  be  sufficient  moisture  for 
germination  while  there  was  bright  sunshine.  Appar- 
ently contact  with  free  water  is  necessary,  as  evi- 
denced by  failure  of  spores  to  germinate  when  tested 
on  glass  surfaces  in  moist  chambers  if  free  water  has 
not  contacted  spores. 

Effect  of  Exposure  on  Viability  and  Infectivity 

Tests  also  were  run  to  determine  how  well 
the  disseminated  spores  could  withstand  the  kind  of 
waiting  period  that  may  pass  in  the  field  before  mois- 
ture and  temperatures  become  favorable  for  germi- 
nation. Fresh  aeciospores  were  deposited  on  shoots  of 
live  comandra  plants  in  a  glasshouse  where  temper- 
atures between  10°  and  21°  C.  were  maintained.  Sur- 
face temperatures-^  of  comandra  leaves  remained 
within  a  few  degrees  of  air  temperatures.  At  intervals, 
leaves  were  plucked  from  shoots,  pressed  lightly 
against  2  percent  water  agar,  and  removed.  Aecio- 
spores were  thereby  transferred  to  the  stickier  agar 
surface.  E.xamination  showed  that  aeciospores  had 
not  germinated  during  their  exposure  on  leaves. 

Aeciospores  on  water  agar  were  then  placed 
in  moist  chambers,  and  incubated  at  18°  C.  for  24 
hours.  Examination  proved  that  some  aeciospores  had 
remained  viable  more  than  20  days  (table  2)  at  these 
rather  mild  conditions. 

Infectivity  of  aeciospores  was  tested  after 
the  spores  were  exposed  to  field  conditions  in  Cache 
National  Forest  at  about  6,000  feet  elevation.  During 
1966,  aeciospores  were  deposited  on  comandra 
shoots  at  various  times  in  an  area  where  natural  infec- 
tion occurs  only  in  unusual  years.  (None  was  detected 
during  these  tests.)  The  ability  of  aeciospores  to 
remain  infective  was  estimated  from  the  degree  of 
development  of  uredinia  on  test  plants  after  a  period 
of  mild,  moist  weather  that  would  allow  infection.  A 
hygrothermograph  in  a  shelter  described  by  Hunger- 
ford  (1957)  and  a  recording  rain  gage  within  50  feet 
of  all  test  shoots  provided  data  on  time  elapsed 
between  deposition  and  conditions  possible  for  germi- 
nation. Uredinia  developed  on  a  few  leaves  of  one 
plant;  aeciospores  had  been  deposited  3  days  before  a 
trace  of  rain  that  made  conditions  favorable  for 
germination.  Othei  plants  on  which  spores  had  been 
deposhed    6,    10,    and    22    days  before   conditions 


^Measured  with  thermocouples  of  overlapped  and 
soldered  wires  0. 05  mm.  in  diameter. 


Table  1  .-liijluciice  of  time  on  gcnninulioii  ofaeciosporcs  a!  cool, 
moderate,  and  warm  temperatures 


Geiniination 

Mean 

germ  tube  length 

lime 

TeiT 

iperature  (degrees 

C.) 

Ten 

ipt 

rature  (degrees  C 

) 

(hours) 

8 

18 

28 

8 

18 

28 

3 

85 

66 

0.0 

50 

140 

0 

6 

78 

66 

0.0 

126 

278 

0 

12 

87 

70 

0.5 

363 

421 

40 

24 

94 

72 

1.0 

451 

495 

95 

48 

91 

75 

1.0 

598 

526 

70 

became  favorable  for  germination  displayed  no  signs 
of  tlie  rust.  Comparison  of  measurements  made  with 
thermocouples  under  sniiilar  conditions  in  Cache 
National  Forest  suggests  that  leat  surtaces  liad  com- 
monly reached  25°  to  35°  C.  at  midday.  This  ability 
of  aeciospores  to  retain  viability  for  even  a  few  days 
under  severe  summer  field  conditions  certainly  must 
enhance  spread  oft',  comandrae  to  comandra. 

UREDINIOSPORES 

Following  infection,  annual  mycelium  devel- 
ops in  leaves  and  stems  of  comandra.  This  soon  gives 
rise  to  uredinia,  which  rupture  and  expose  hundreds 
of  yellowish  ellipsoidal  urediniospores.  These  spores 
are  disseminated  by  wind  and  function  as  secondary 
inoculum  for  additional  infection  of  comandra.  This 
spore  stage  can  quickly  intensify  the  rust  in  ct)mandra 
over  distances  of  several  miles. 


Fresh  urediniosp()res  ct)llected  in  July  were 
tested  for  their  ability  to  germinate  at  various  temper- 
atures. Tests  were  run  with  spore  samples  iunn  Cache 
and  Wasatch  National  Forests,  and  from  greenhouse 
plants  that  had  been  inoculated  with  Cache  National 
Forest  spores.  The  techniques  of  collecting  spores, 
depositing  them  on  test  substrate,  and  analy/Jng 
results  were  similar  to  those  used  in  testing  aecio- 
spores. However,  2  percent  water  agar  (about  pH  6.7) 
was  used  e.xclusively  as  the  test  substrate  lor  uiedinio- 
spores. 

Germination  of  urediniospores  was  com- 
monly by  multiple  germ  tubes,  one  ot  which  usually 
became  dominant  (fig.  5),  but  single  germ  tubes  were 
frequent.  Most  viable  urediniospores  produced  recog- 
nizable germ  tubes  within  the  first  3  hours  at  favor- 
able conditions,  and  germ  tubes  grew  for  more  than 


Table  2.--Viability  of  aeciospores  after  exposure  on  comandra  sliotns 

in  a  f^lassliouse 


Exposure  time 
(days) 


Germination' 


Mean  germ  tube  length' 


Percent 


Microns 


0 

5 

11 

21 

28 


34 
46 
20 
16 
0 


299 
300 

242 

209 

0 


'  Based  on  200  spores. 

2 

Based  on  /Of;erm  tut>es. 


24  hours  (table  3).  On  the  basis  of  both  percent 
germination  and  length  of  germ  tubes  at  24  hours, 
germination  seemed  best  between  13°  and  23°  C.  and 
poor  at  3°  C.  and  at  28°  C.  or  higher  (fig.  6).  Like 
aeciospores,  urediniospores  germinated  equally  well 
in  low  light  (such  as  might  occur  on  cloudy  days)  and 
in  darkness,  but  did  not  germinate  in  bright  sunlight. 

Urediniospores  were  also  deposited  on 
comandra  shoots  in  the  Cache  National  Forest  plot 
mentioned  earlier.  In  two  trials  in  which  10  days  of 
conditions  unfavorable  for  infection  followed  deposi- 
tion, no  shoots  became  infected.  However,  uredinia 
developed  on  shoots  in  two  trials  in  which  only  6 
days  of  unfavorable  conditions  followed  spore  deposi- 
tion. Thus,  even  during  short  dry  spells  in  a  warm 
summer,  dissemination  of  urediniospores  can  lead  to 
infection  of  comandra. 

TELIOSPORES 

Telia  contain  up  to  several  hundred  telio- 
spores  bound  firmly  together  as  hairlike  projections 
on  comandra  leaves  (fig.  7)  and  stems.  As  soon  as 
conditions  are  favorable,  each  teliospore  may  germi- 
nate in  place  and  form  a  basidium  and  (usually)  four 
basidiospores  that  are  disseminated  by  air  (Hedgcock 
and  Long  1915).  This  process,  referred  to  here  as 
basidiospore  casting,  may  lead  to  the  dispersal  of 
many  hundred  airborne  basidiospores  from  each 
telium.  Thus  telia  and  teliospores  are  not  themselves 
disseminated,  but  produce  the  wind-disseminated 
spores  that  infect  pines. 

Effects  of  Humidity  on  Germination 

To  determine  whether  saturated  air  is  neces- 
sary for  germination  of  teliospores,  telia  were  tested 
in  petri-plate  chambers  in  which  humidity  was  con- 
trolled by  saturated  salt  solutions  or  distilled  water 
(table  4).  Excised  telia  from  comandra  leaves  were 
stuck  by  their  basal  ends  to  petrolatum  on  the  inside 
of  petri-plate  covers,  and  glass  slides  were  placed 
beneath  the  teUa  to  catch  dispersed  basidiospores. 
Plates  were  sealed  and  incubated  in  darkness  at 
20°  ±0.1°  C.  for  24  hours.  Slides  were  then  examined 
microscopically  for  the  presence  of  basidiospores. 
They  were  found  on  slides  in  chambers  in  which  rela- 
tive humidity  was  100  percent,  but  not  on  slides  in 
chambers  in  which  humidity  was  98  percent  or  lower 
(table  4). 


Figure    5. --Germinated    urediniospore    after 
24-hour  incubation  (X  +3^. 
US 
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Figure  6. -Germination  of  urediniospores  at  sev- 
eral temperatures  after  24-hour  incu- 
bation. The  darker  lines  represent  means 
of  four  individual  trials. 


Table  i. -Influence  of  time  on  germination  of  urediniospores  at  cool,  moderate,  and  warm  temperatures 


Time 
(liours) 


Germination 


Temperature  (degrees  C.) 


18 


28 


Mean  germ  tube  length 


Temperature  (degrees  C.) 


28 


3 
6 

12 
24 

48 


86 
95 
93 
99 
96 


Percent 

96 
94 
96 
98 
99 


67 
87 
76 
83 
88 


53 

-  -  microns  -  - 
157 

64 

135 

270 

84 

311 

376 

109 

420 

520 

116 

450 

541 

124 

Effects  of  Temperature  on  Germination 

Method.— ¥xQ'i\\  telia  from  inoculated 
comandra  in  a  greenhouse  were  placed  in  petri-plate 
moist  chambers  maintained  at  various  temperatures, 
to  an  accuracy  of  about  ±0.5°  C.  Excised  telia  were 
attached  vertically  by  their  bases  on  2  percent  water 
agar  on  the  insides  of  plate  covers.  When  teliospores 
germinated,  basidiospores  fell  onto  plates  containing 
2  percent  water  agar  (adjusted  with  HCl  to  pH 
approximately  2.0  to  prevent  germination  of  the 
basidiospores,  which  makes  counting  difficult).  After 
3,  6,  12,  24,  48,  and  72  hours,  the  covers  were 
rotated  by  hand  so  that  time  of  spore  casting  could 
also  be  determined.  Teliospore  germination  was  evalu- 
ated by  counting  the  basidiospores  cast  from  whole 
telia. 

/?esz//fs. -Excellent  casts  of  basidiospores 
were  produced  at  temperatures  of  13°  to  23°  C; 
casts  were  fair  but  slower  at  8°  C,  and  poor  at  6° 
and  24°  C.  (fig.  8).  No  basidiospores  were  cast  at  3° 
or  25.5°  C.  and  higher.  At  25.5°  C,  basidia  t'ormed 
but  no  basidiospores  developed.  At  28°  and  30.5°  C, 
not  even  basidia  formed.  Comparisons  by  Duncan's 
New  Multiple  Range  Test  (Duncan  1955)  at  the  0.01 
level  indicated  that  the  excellent  casts  at  temper- 
atures 13°  to  23°  C.  were  not  significantly  different 
from  each  other  at  12  and  24  hours,  but  were  better 
than  casts  at  other  temperatures  and  continued  to  be 
greater  throughout  the  remainder  of  the  724iour 
inciibation  period.  In  other  similar  tests  the  relative 
position  of  the  maximum  casts  varied  between  13° 
and  22°  C,  but  at  25°  C.  and  higiier  there  were  never 


any  casts,  and  longer  incubations  were  always 
required  at  temperatures  less  than  13°  C.  These 
results  are  a  refinement  over  an  early  report  by  Mains 
(1916).  He  reported  no  germination  at  10°  and  30° 
C,  fair  germination  at  18°  C,  and  good  germination 
at24°C. 


ligure  7. -Telia  ol  C.  coinandrac  on  coinaiidra 
leaves  (X  9).  Telia  are  common  on  both 
upper  and  lower  surfaces  ol  leaves  and 
on  stems  of  Cotnandra  umbcllata  ssp. 
pallida. 
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Figure  8. -Germination  response  of  teliospores 
to  several  temperatures.  Each  curve  rep- 
resents the  cumulative  mean  from  10 
telia. 


Figure  9. -Clock-drive  unit  that  automatically 
rotates  cover  of  large  petri  plate.  When 
telia  are  attached  to  the  cover,  basidio- 
spores  are  cast  onto  the  stationary  bot- 
tom of  the  petri  plate  so  as  to  reveal  by 
their  position  when  casting  occurred. 


Effects  of  Freezing  and  Heating  on  Viability 

The  effect  of  freezing  temperatures  on  via- 
bility of  teliospores  was  tested  under  laboratory  con- 
ditions. Fresh  telia  produced  from  greenhouse  inocu- 
lations were  excised  from  comandra  leaves.  These 
telia  were  then  subjected  to  below-freezing  temper- 
atures such  as  occur  during  mild  to  severe  frosts  in 
the  field  (table  5).  Each  treatment  was  replicated 
with  nine  teha  of  equal  size  for  each  temperature. 
A'fter  exposure,  teha  were  incubated  at  18°  C.  for  72 
hours  in  moist  chambers  and  basidiospores  cast  were 
counted. 

As  shown  in  table  5,  freezing  reduces  the 
ability  of  teha  to  cast  basidiospores.  This  effect 
occurred  whether  or  not  the  process  of  germination 
had  already  begun  at  the  time  of  freezing;  basidio- 
spore  casts  were  suppressed  in  telia  frozen  immedi- 
ately after  removal  from  comandra  leaves  and  also  in 
telia  previously  incubated  under  conditions  favorable 
for  germination.  Suppression  increased  with  increas- 
ing severity  of  freezing  treatment. 

Fresh  C.  comandrae  telia  from  Cache 
National  Forest  were  also  subjected  to  warm  temper- 
atures to  determine  if  heat  might  suppress  subsequent 
casting  of  basidiospores  as  it  has  been  shown  to  do  in 
C.  ribicola  (Van  Arsdel  et  al.  1956).  All  telia  in  each 
trial  were  of  nearly  equal  size,  and  no  previous  germi- 
nation had  occurred.  Five  telia  were  used  for  each 
treatment.  Both  dry  teha  (placed  in  paper  bags)  and 
teha  in  moist  chambers  were  exposed  to  heat  treat- 
ments (table  6).  As  in  earlier  tests,  telia  were  then 
placed  in  moist  chambers  at  18°  C.  for  72  hours  and 
basidiospores  cast  were  counted. 

Heat  suppressed  the  ability  of  teliospores  to 
germinate  (table  6)  but  rather  long  periods  of  expo- 
sure to  warm  temperatures  were  necessary.  It  would 
seem  unlikely  that  in  pine  areas  of  the  Rocky  Mountain 
States  warm  temperatures  would  last  long  enough  to 
alter  teHospore  germination. 

Influence  of  Light  on  Germination 

To  test  the  influence  of  light,  freshly  excised 
telia  from  inoculated  comandra  were  stuck  to  the 
inside  covers  of  petri  plates,  as  described  earlier  for 
temperature  studies,  and  were  placed  in  natural  or 
artificial  light  or  in  darkness.  The  covers  were  contin- 


Table  A.-lnJluencc  of  relative  humidity  on  teliospore  gennination  at  20°  C.  ±  U.I 


Relative 
humidity 
(percent) 


20 
70 
90 
98 
100 


Saluialed  sail 
soluIiDH 


Mean  luiiiibei  basidiospoies 
cast' 


KAc 

KCl  +NaCI 

ZnS04 

K^Cr^O^ 

Water  only 


U 
0 
U 
0 
960 


Basis  for  relative  humidity  values  from  Winston  and  Bales  (I  'MO)  and  Riker  and  Ril<er  (1 936). 


Based  on  5  telia  per  treatment  at  caeli  relative  humidity. 


Table  5. -Effects  of  freezing  on  teliospore  gennination 


Freezing 

Mean  number 

basidiospores  cast' 

period 

Freezing  temperature 

(degrees  C.)- 

(hours) 

-1 

-4 

-8 

-12 

Not  preincubated: 

0  (control)^ 

812 

589 

594 

622 

6 

778 

294** 

144** 

155** 

24 

511* 

-)  J  T  *  * 

101** 

SI** 

4 

Preincubated: 

6 

789 

422* 

46** 

n** 

24 

167** 

331** 

73** 

0** 

Based  on  9  telia  per  treatment  at  each  temperature. 

^  Temperatures  ±0.5°  C. 
A  control  group  was  set  aside  to  correspond  to  each  series  of  tests  at  a  particular  temp- 
erature.  Sizes  of  telia   within  all  treatment  groups  at  a  single  temperature  were  similar, 
whereas  stes  varied  between  temperature  series. 
Placed  in  moist  chamber  for  6  hours  at  18°C. 

*and**Significantly  less  than  control  at  the  0.05  and  the  0.01  levels,  respectively,  as  detected 
by  Duncan's  New  Multiple  Range  Test  (Duncan  1955).  Comparisons  were  made  between 
treatments  within  each  temperature  series. 


uously  revolved  by  a  clock-drive  mechanism  (fig.  9) 
and  germination  was  analyzed  according  to  the  num- 
bers of  basidiospores  that  fell  onto  2  percent  water 
agar  (pH  2)  in  the  plates.  In  the  counting  prt)cess,  the 
casts  were  divided  into  intervals  corresponding  to  3 
hours  of  cover  revolution.  These  tests  were  run  in  a 
plant  growth  chamber  with  'cool  white'  flut)rescent 
lights  supplemented  by  incandescents  and  in  a  glass- 
house on  several  overcast  days.  Germination  was 
tested  under  varying  light  conditions.  Light  inside 
petri  plates  was  about  1 ,000  foot-candles  in  the 
growth  chamber  and  up  to  800  fool-candles  in 
the  glasshouse  (fig.  10).  Care  was  taken  during  incu- 
bation   to    balance    temperatures    within    dark    and 


lighted  plates.  (Temperatures  were  measured  with 
thermistors  inside  the  plates  and  the  plates  were 
moved  to  warmer  ot  cooler  levels  of  the  growth  cham- 
ber as  needed.)  Higher  levels  ot  light  were  not  in- 
cluded, as  it  proved  impossible  with  this  technicjue  to 
keep  temperatures  within  limits  necessary  lor  germi- 
nation when  more  light  was  supplied. 

From  the  excellent  casts  ol  basidiospores 
indicated  in  the  giaph  tor  both  light  and  dark  condi- 
tions, it  appears  likely  that  teliosporcs  could  gcimi- 
nate  in  the  Held  during  nights  and  during  overcast 
days  it  temperature  and  luimidit\  requirements  are 
met. 


BASIDIOSPORES 

Basidiospores  of  rust  fungi  require  a  suitable 
environment  during  dissemination  to  maintain  via- 
bility. Basidiospores  of  other  conifer  rusts  have  been 
shown  to  be  adversely  influenced  by  high  temper- 
atures, low  humidity,  and  sunlight  (MacLachlan 
1935,  Hirt  1935,  and  Spaulding  and  Rathbun-Gravatt 
1926).  The  influence  of  these  factors  was  studied  in 
C.  comandrae  basidiospores. 


20  30  40  50 

TIME    IN    HOURS 

Figure  lO.-Germination  of  teliospores,  based  on 
cumulative  numbers  of  basidiospores 
cast  from  telia  in  light  and  darkness.  The 
upper  two  graphs  represent  trials  run  in 
the  growth  chamber.  In  the  first,  the 
"light"  group  of  telia  was  exposed  con- 
stantly at  the  1,000-foot-candle  level.  In 
the  second,  the  "light"  group  was  ex- 
posed at  regular  intervals  as  shown.  The 
lowest  graph  represents  the  trial  run  in  a 
glasshouse,  where  the  "light"  group  was 
exposed  to  natural  intervals  of  light  and 
darkness.  Temperatures  were  held 
constant  in  the  growth  chamber  and 
fluctuated  somewhat  in  the  glasshouse, 
as  shown  by  the  dotted  Unes. 


Freshly  formed  basidiospores  were  collected 
on  glass  slides  and  on  2  percent  water  agar.  For  col- 
lection, glass  and  agar  were  exposed  for  1  hour 
beneath  germinating  telia  in  moist  chambers  at  15°  to 
22°  C.  The  basidiospores  were  immediately  exposed 
outdoors.  During  exposure,  surface  temperatures  of 
the  glass  and  agar  were  measured  with  thermo- 
couples. After  exposure,  the  basidiospores  were 
incubated  on  2  percent  water  agar  at  18°  C.  for  24 
hours.  Viability  was  then  measured  by  percent  germi- 
nation. 

Basidiospores  were  sensitive  to  exposure,  but 
survived  sunlight  well  for  at  least  2  hours  when  kept 
in  contact  with  a  moist  substrate  (table  7).  Viability 
declined  more  quickly  in  basidiospores  exposed 
directly  on  glass,  even  when  the  slides  were  shaded  by 
lodgepole  pine. 

The  influence  of  relative  humidity  on  reten- 
tion of  viabihty  of  basidiospores  was  studied.  Basidio- 
spores were  obtained  by  exposing  glass  slides  beneath 
telia  germinating  at  18  C.  in  dark  moist  chambers. 
After  1  hour  of  deposition,  the  slides  were  transferred 
inside  a  mist  chamber  to  dark  chambers  in  which  rela- 
tive humidity  was  controlled  by  glycerol  solutions  as 
described  by  Scharpf  (1964).  Following  exposures  of 
Vi,  2,  4,  and  20  hours  at  controlled  humidities, 
basidiospores  were  transferred  inside  a  mist  chamber 
to  2  percent  water  agar,  and  were  incubated  24  hours 
at  18  C.  Spore  viability  was  evaluated  by  percent 
germination  based  on  at  least  200  spores. 

Relative  humidity  had  a  pronounced  effect 
on  survival  of  basidiospores.  Survival  diminished  with 
increasing  exposure  time  in  less-than-saturated  atmos- 
phere (fig.  11)  and  decreased  most  rapidly  at  lower 
humidities.  It  was  only  slightly  better  at  10°  than  at 
20°  C.  Thus  it  would  seem  that  only  basidiospores 
disseminated  during  damp  weather  would  be  viable. 

The  influence  of  temperature  on  germi- 
nation of  freshly  cast  basidiospores  was  studied. 
Spores  were  incubated  in  unlighted  chambers  in 
which  temperatures  were  controlled  to  an  accuracy  of 
±0.5°  C.  After  incubation  (24  hours  except  in  time 
tests),  further  germination  was  inhibited  by  appli- 
cation of  1  percent  chlorine.  Percent  germination, 
based  on  at  least  200  spores,  and  mean  length  of  20 
germ  tubes  were  then  determined. 

The  percentage  of  spores  that  germinated 
increased  for  more  than  24  hours  at  8°  and  28°  C, 
but  reached  its  maximum  in  6  hours  at  18°  C.  (table 
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Table  d. --Effect  of  high  temperatures  on  subsequent  teliospore  germination^ 


Mean  nurnbei  basidiospores  cast 


..f2 


Exposure 

time 
(hours) 


Control 


Temperatures  (degrees  C.) 


Dry 


26 


Moist 


Dry 


30 


Moist 


0 

4 

8 

24 

48 

72 


850 


890 

860 

567 

600 

674 

710 

910 

655 

702 

372** 

396** 

J  49** 

240** 

68** 

266** 

154** 

170** 

11** 

262** 

33** 

^  Based  on  whole  telia  prepared  as  described  in  text. 

Based  on  5  telia  for  each  treatment. 
^Temperatures  ±0.5°  C. 
**SigniJicantly  different  from  control  at  0.0 J  level  as  detected  by  Duncan's  New  Multiple 

Range  Test  (Duncan  1955 j. 


Table  1  .-Effect  of  exposure  to  outdoor  conditions  on  viability  of  basidiospores 


Exposure  treatment 


Subsequent 
germination 


Midday  December  sunshine  in  Logan,  Utali,  at  -1°  to 
-6°  C.  air  temperature: 


Percent  ' 


Vi  hr.  on  dry  glass 
Vi  hr.  on  water  agar 
2  hr.  in  distilled  water 


0 
99 

88 


Midday  August  sunshine  (6,000  to  7,000  foot-candles)  on 
Cache  NF  near  Beaver  Mountain; 


'A  hr.  on  glass  at  24%  r.h.  and  22°  to  29°  C. 
1  hr.  on  glass  at  19%  r.h.  and  34°  to  41°  C. 
^A  hr.  on  water  agar  at  17    to  22°  C. 

1  hr.  on  water  agar  at  17    to  22°  C. 

2  hr.  on  water  agar  at  19°  to  23°  C. 


91 

0 

100 

100 

85 


Midday  August  shade  (200  foot-candles)  near  Beaver 
Mountain: 

1  hr.  on  glass  at  28%  r.h.  at  25°  to  30°  C. 


Based  on  a  sample  ste  of  from  47  to  200  spores. 
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8).  Germination  was  usually  by  a  single  germ  tube 
that  continued  growing  for  more  than  24  hours. 
Excellent  germination  and  germ  tube  development 
occurred  from  about  8°-13°  to  23° -28°  C,  but 
germination  was  poor  at  the  extremes  of  3  and  33 
C.  (fig.  12). 

In  other  tests,  telia  that  had  been  in  storage 
at  5°  to  7°  C.  for  several  weeks  often  produced 
basidiospores,  many  of  which  germinated  by  forming 
either  secondary  basidiospores  or  short  (<10lJ)  broad 
germ  tubes,  rather  than  by  forming  normal  tubes, 
which  generally  reach  more  than  IOOm  in  24  hours. 
Such  abnormal  types  of  germination  are  also  seen 
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Figure  ll.-Survival  of  basidiospores  after  expo- 
sure to  various  temperatures  and  relative 
humidities,  as  indicated  by  subsequent 
basidiospore  germination. 


occasionally  in  basidiospores  cast  from  field  collec- 
tions of  older  teha,  but  not  in  those  cast  from  fresh 
young  telia. 


100 


8  13  18  23  28 

TEMPERATURE  (Degrees    Celsius) 

Figure  12. -Germination  of  basidiospores  at  sev- 
eral temperatures  after  24  hours'  incu- 
bation. The  darker  lines  are  mean  curves 
of  the  individual  trials. 
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Table  % -Influence  of  incubation  time  on  germination  of  basidiospores 
at  cool,  moderate,  and  warm  temperatures 


Germination 

Mean 

germ  tube  length 

Time 

Temperature  (degrees 

c.) 

Temperature  (degrees  C.) 

(hours) 

8 

18 

28 

8 

18                     28 



Percent  -  -  - 

-  Microns 

3 

0 

28 

6 

0 

16                    8 

6 

0 

100 

17 

0 

26                  13 

12 

64 

100 

35 

18 

85                  21 

24 

94 

100 

54 

76 

159                  29 

48 

85 

100 

65 

130 

243                  38 
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INFECTION 


Comandia,  jack  pine,  ponderosa  pine,  and 
lodgepole  pine  have  previously  been  infected  with 
comandra  rust  in  experimental  trials  (Adams  1919, 
Anderson  1960,  Andrews  et  al.  1963,  and  Hedgcock 
and  Long  1915).  However,  virtually  nothing  is 
reported  about  the  processes  of  infection  or  the  intlu- 
ence  of  moisture,  temperature,  or  host  phenology  on 
infection.  Some  information  on  tiiese  factors  was 
obtained  in  the  following  trials. 

COMANDRA 


of  infection  spots  (evidenced  by  yellow  color,  swell- 
ing, and  uredinia)  on  test  slu)ols  were  counted. 

Infection  of  comandra  occurred  over  a  wide 
range  of  temperatures  with  both  aeciospore  and 
urediniospore  inoculum  (table  9).  Although  infection 
spots  increased  with  longer  mist  periods,  1 2  to  24 
hours  was  sufficient  for  abundant  infection  at  mod- 
erate temperatures.  In  followup  trials,  infection 
occurred  in  as  little  as  5  hours  in  a  mist  ciiamber  at 
about  20°  C. 


Penetration  of  comandra  was  observed  with 
an  incident  light  microscope  and  with  a  normal  light 
microscope  when  leaves  were  cleared  by  the 
lactophenol-chloral  hydrate  technique  (Riker  and 
Riker  1936)  and  stained  with  aniline  blue.  Both 
aeciospores  and  urediniospores  germinated  well  on 
leaf  surfaces.  Appressoria  formed  when  germ  tubes 
contacted  stomates(fig.  13),  and  intection  pegs  could 
be  seen  penetrating  between  the  guard  cells  of 
stomates.  This  was  the  only  type  of  penetration  seen 
in  comandra. 

The  influence  of  temperature  during  inocu- 
lation of  comandra  was  studied  under  controlled  con- 
ditions. Comandra  that  had  been  growing  in  flats  in 
Logan  for  at  least  a  year  were  used  as  test  plants.  At 
the  time  of  inoculation,  shoots  were  about  2  months 
old.  Inoculum  consisted  of  fresh  aeciospores  and 
urediniospores  originating  in  Cache  National  Forest. 
Approximately  equal  numbers  of  spores  were  depos- 
ited on  test  shoots  by  the  settling  tower  method 
described  earlier  for  aeciospore  germination  tests.  The 
flats  were  then  placed  in  controlled  temperature  (±1° 
C.)  chambers  in  darkness.  Distilled  water  was  atom- 
ized intermittently  in  the  chambers  and  small  water 
droplets  remained  on  leaves  throughout  the  inocu- 
lation. After  specified  times  in  the  mist  chambers,  the 
flats  were  moved  to  shaded  portions  of  a  well- 
ventilated  greenhouse  until  moisture  on  the  shoots 
dried  (5  to  20  minutes).  The  flats  were  then  placed 
on  greenhouse  benches  and  shoots  were  examined 
periodically  for  the  presence  of  uredinia.  A  few  days 
alter  the  emergence  of  the  first  uredinia,  the  numbers 


in  other  experimental  inoculations,  it  was 
easy  to  infect  comandra  shoots  in  a  juvenile  stage  (I 
week  after  emergence,  when  the  purple  shoots  were 
only  a  few  centimeters  tall),  through  maturity,  and 
until  normal  leaf  abscission.  Thus  it  appears  that 
comandra  is  highly  susceptible  at  any  stage  of  devel- 
opment during  the  growing  season. 

At  greenhouse  conditions  of  about  13  to 
24°   C,    10   to    15   days  generally  passed   from   the 


1  igure  1  3.-ApprL'ssorium,  at  end  of  aeciospore 
germ  tube,  attached  to  stomate  of  a 
comandra  leaf  (X  850). 
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Table  9.-Influence  of  temperature  and  time  on  infection  of  comandra  in  mist-chamber  inoculation  tests 


Inoculum  and 

Mean  number 

infections  per  leaf 

time  in  mist 

Temperature  (degrees  C.) 

chamber 

3 

8 

13 

18 

23 

28              33 

(hours) 

Aeciospores: 

0     (Control)^ 

0 

0 

0 

0 

0 

0               0 

12 

0 

5 

0.2 

6 

8 

Shoots  died^ 

24 

0.1 

7 

7 

9 

8 

48 

0 

8 

8 

26 

8 

72 

0 

9 

9 

25 

8 

Urediniospores: 

0     (Control)* 

0 

0 

0 

0 

0 

0              0 

12 

1 

4 

6 

9 

7 

Shoots  died^ 

24 

2 

8 

7 

9 

10 

48 

3 

8 

11 

10 

10 

72 

5 

7 

11 

11 

10 

^  A  corresponding  control  group  was  set  aside  for  each  temperature  series  for  each  type  of  spore. 

^  Apparently  killed  by  environmental  factors  associated  with  the  warm  mist  treatment  and  subsequent  drying. 


beginning  of  an  inoculation  until  uredinia  emerged 
through  leaf  surfaces,  although  the  uredinia  were 
sometimes  visible  beneath  the  epidermis  after  only  6 
or  7  days.  Telia  generally  emerged  20  to  30  days  after 
inoculation,  but  in  one  instance  they  developed  after 
only  10  days  had  elapsed.  Sometimes,  especially  late 
in  the  growing  season,  the  uredinial  stage  is  bypassed 
and  only  telia  form.  Artificial  inoculations  we  made 
in  Cache  National  Forest  in  spring  generally  resulted 
in  uredinia  in  2  to  3  weeks  and  telia  in  4  to  6  weeks. 

PINE 

All  reported  experimental  infection  of  pines 
has  been  with  tehal  inoculum  that  had  presumably 
passed  through  the  basidiospore  stage  before  the 
infection.  Meinecke's  (1929)  attempts  to  inoculate 
pines  with  aeciospores  by  his  wounding  and  spore- 
showering  techniques,  which  were  successful  with 
Peridermium  harknessii,  were  unsuccessful  with  C. 
comandrae,  as  might  have  been  anticipated  with  this 
heteroecious  rust  fungus. 

The  possibility  of  mycelial  transfer  by 
rodents  and  insects  has  also  been  investigated.  More 
than  100  attempts  in  the  field  to  transfer  the  rust  by 
bark  inserts  and  bark  patch  grafts  (means  used  suc- 


cessfully by  Hedgcock  and  Hunt  1920  and  Patton 
1962  with  other  conifer  stem  rusts)  have  failed  for  C. 
comandrae.  This  might  indicate  that  the  odds  are 
against  successful  mycelial  transfer  by  insects  or 
rodents,  particularly  under  natural  conditions  that 
would  probably  be  harsher  than  those  in  the  trials. 
Therefore  it  seems  reasonable  that  pine  infection  in 
the  field  results  only  from  infection  by  basidiospores. 

My  attempts  to  detect  penetration  by  means 
of  tissue  clearing  and  incident-light  microscopy  have 
failed,  so  the  process  of  infection  remains  a  mystery. 
However,  successful  inoculations  of  seedlings  give 
clues  to  the  influence  of  temperature  and  moisture  on 
infection  and  to  the  tissues  that  are  susceptible. 

Method.-Lodgepo\e  pines  midway  through 
their  third  growing  season  were  inoculated  in  a  mist 
chamber  within  a  growth  chamber.  Temperatures 
were  controlled  within  the  mist  chamber  ±1°  C.  and 
the  chamber  was  dark  except  in  one  experiment  using 
a  programmed  temperature  cycle. ^  Inoculum  from 
Cache  National  Forest  consisted  of  fresh  comandra 
shoots  with  viable  teUa,  placed  over  the  test  pines. 


Seedlings  were  exposed  to  a  cycle  of  12  hours  of 
darkness  at  3°  C,  followed  by  12  hours  of  light  (about  1,000 
foot-candles)  at  13°  C.  The  test  began  with  3  hours  of  light. 
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After  remaining  in  the  inoculation  chamber  for  1,  2, 
and  3  days,  the  pines  were  placed  in  a  greenhouse 
until  autumn  and  then  moved  to  outdoor  cold 
frames. 

Results. -Seedlings  were  examined  fre- 
quently over  a  period  of  2  years.  No  infections  devel- 
oped on  50  pines  reserved  as  controls.  On  inoculated 
seedlings,  no  positive  indication  of  infection  was 
noted  until  the  summer  following  inoculation.  Then, 
infections  could  be  identified  only  by  stem  swellings 
and  pycnial  droplets  that  exuded  in  August  and  Sep- 
tember. Aecia  formed  and  cast  aeciospores  in  May  of 
the  next  year  (fig.  14).  The  most  abundant  infection 
resulted  from  inoculations  at  temperatures  of  15° 
and  20°  C;  24  hours  in  the  mist  chamber  was  appar- 
ently sufficient  for  the  formation  and  dispersal  of 
basidiospores,  and  their  germination  and  infection  of 
pine  tissues  (table  10).  Infection  also  occurred  under 
less  favorable  conditions  but  no  infection  occurred  at 
5°  or  25°  C.  From  the  position  of  the  infections,  it 
was  determined  that  13  had  entered  through  current 
year  shoots,  1 1  had  entered  1 -year-old  tissue  (three  of 
these  might  have  entered  through  current  year  adven- 
titious shoots),  and  none  had  entered  2-year-old 
tissue. 

Although  no  outward  signs  of  the  rust  were 
evident  in  needles,  microscopic  examination  of  sec- 
tions showed  rust  hyphae  in  needles  attached  to  stem 
swellings.  Unfortunately  it  could  not  be  determined  if 
the  rust  had  entered  the  needles  first  or  had  grown 
out  into  them  from  infected  bark.  However,  needles 
would  seem  a  likely  place  for  infection  since  direct 
stem  infection  by  basidiospores  of  conifer  rust  fungi 
has  been  reported  only  in  primary  tissue  of  current 
year  stems.  In  the  pines  tested  here,  stem  elongation 
had  terminated  at  least  a  month  before  inoculation, 
and  periderm  tissue  had  formed. 


•igure  14.-Lodgepolc  pine  21  months  after  ex- 
perimental intection  with  telia  of 
Cronartinrn  comandrac  from  Cache 
National  I'orest.  Ruptured  aecia  are  pres- 
ent on  the  upper  portion  of  the  swollen 
stem. 


Table  1 0.-InjTuence  uf  time  and  temperature  on  experimental  infection  of  lodgepolc  pine 


Time  in 

Ri 

itio  of 

infected 

pines  to  total 

pines 

mist  chamber 

Temperatui 

re  of  mist  chamber  (degrees  C.) 

(hours) 

5 

10 

15 

20 

25 

5-15' 

24 
48 

72 

0/8 
0/8 
0/8 

0/9 

0/10 

I/IO 

3/11 

3/12 
3/12 

1/8 
5/8 
1/6 

0/8 
0/8 
0/8 

1/8 
1/8 
4/12 

^Approximation  of  natural  conditions  as  described  in  text,  footnote  3. 
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OVERWINTERING 


Like  the  other  Cronartium  rusts  of  pines,  C 
comandrae  overwinters  as  myceUum  in  Uve  bark  of  its 
pine  hosts,  and  aeciospores  may  be  produced  from 
the  same  canker  for  many  successive  years  (Arthur 
1929  and  Hedgcock  and  Long  1915).  Being  an  obli- 
gate parasite,  C  comandrae  dies  along  with  its  host, 
but  the  two  commonly  survive  together  for  a  few 
years  or  even  a  few  decades.  In  some  unusual 
instances  the  mycelium  of  a  single  canker  may  remain 
active  for  more  than  a  century  (Krebill  1965).  Aecial 
production  in  long-lived  infections  often  is  limited 
and  may  not  occur  in  many  years,  especially  when 
mycelium  is  in  bark  that  is  not  very  active  physio- 
logically. In  the  form  of  its  long-lived  mycelium,  C. 
comandrae  can  exist  for  long  periods  in  pine  stands 
even  when  there  is  no  new  infection. 

C.  comandrae  is  unable  to  overwinter  in 
comandra  in  mountain  areas  near  susceptible  pines. 
Infections  on  stems  of  comandra  are  common,  but 
microscopic    examination    indicates    that    the    rust 


fungus  does  not  grow  down  the  stems  into  rhizomes. 
Thus  when  the  shoots  die  in  the  fall,  the  comandra 
plant  is  freed  from  the  rust.  Indeed,  transplants  of 
severely  infected  comandra  collected  in  fall  from 
Cache  and  Teton  National  Forests  sprouted  free  of 
rust  in  Logan  the  following  spring.  Likewise,  experi- 
mentally infected  comandra  have  always  sprouted 
free  of  rust  after  overwintering  outdoors  in  Logan. 

Although  there  is  no  field  evidence  to  sug- 
gest that  C  comandrae  can  overwinter  in  the  moun- 
tains, it  may  possibly  overwinter  free  from  pines  in 
the  Great  Plains  of  eastern  Colorado  (Bethel'').  The 
mode  of  such  overwintering  is  unknown  and  the 
observations  reported  could  even  be  misinterpretation 
of  long-distance  dissemination  of  aeciospores  or 
urediniospores. 


"*  Bethel,  E.  Some  early  collections  of  west  A  merican 
fungi.  Unpublished  manuscript,  filed  in  Intermountain  Forest 
and  Range  Exp.  Sta.,  Logan,  Utah.  1925. 


PHENOLOGY  OF  LODGEPOLE  PINE,  COMANDRA,  AND 
CRONARTIUM  COMANDRAE  IN  THE  ROCKY  MOUNTAIN  STATES 


Development  of  comandra  blister  rust  and 
the  corresponding  development  of  comandra  and 
lodgepole  pine  were  studied  from  1962  to  1966  in 
the  western  part  of  the  Rocky  Mountain  States. 
Several  plots  for  which  general  phenology  data  were 
recorded  are  listed  below.  The  plots  are  named  for 
the  National  Forests  in  which  they  are  located. 

Teton-Wyoming,  near  Goosewing  Guard  Sta- 
tion in  the  Gros  Ventre  River  drain- 
age south  of  Kelly  at  7,250  feet 
with  a  southern  aspect. 


Targhee-Idalio,  near  Pine  Creek  north  of 
Swan  Valley  at  5,850  feet  with  a 
southern  aspect. 

Bridger-Wyoming,  near  Fremont  Lake  east 
of  Pinedale  at  8,500  feet  with  a 
western  aspect. 

Sawtooth-Idaho,  on  Cassia  Plateau  west  of 

Oakley   at   7,400   feet  on  a  slight 

northwest  slope. 
Wasatch-Utah,    near  Beaver    Creek    east    of 

Kamas  at  7,500  feet  elevation  on  a 

slight  southwest  slope. 
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Each  plot  consisted  of  lod^epolc  pines  with 
10  marked  cankers  and  10  marked  branch  shoots  on 
the  same  trees,  and  10  comandra  shoots  in  nearby 
open  areas.  Length  o\  marked  shoots  and  occurrence 
ol"  spore-producing  structures  were  recorded  at  least 
once  each  month  ol  the  growing  season. 

Analysis  of  these  plots  (fig.  I  5)  tells  us  much 
about  the  phenology  of  the  hosts  and  parasite  in  the 
Rocky  Mountains.  Comandra  sprouts  early  in  the 
spring;  it  emerges  through  the  soil  soon  after  snow- 
melt  in  mid-May  or  late  May.  Shoot  growth  is  rapid 
through  June  and  into  early  July.  Foraging  by  rabbits 
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liguro  15. -Phenology  olC.  comandrac  and  its 
hosts  in  several  National  I'orests  in  1965. 
The  solid  bars  represent  sporulation  in 
the  various  stages:  A,  aecial;  U,  uredinial; 
\\  pycnial;  and  T,  telial.  The  vertical 
extent  of  the  bar  indicates  frecjueney  of 
sporulation  in  relative  terms;  the  hori- 
zontal extent  of  the  bar  indicates  dura- 
tion on  the  time  scale.  The  dashed  line 
shows  seasonal  growth  of  comandra  with 
reference  to  the  scale  of  shoot  length  at 
left.  Growth  of  lodgepole  pine  is  simi- 
larly shown  by  the  solid  line. 


and  ungulates  reduces  shoot  heiglu,  and  in  autumn 
after  severe  frosts,  leaves  dehisce  and  stems  die. 
Branch  shoots  o'i  lodgepole  pine  begin  growing'  in 
early  June  and  continue  elongating  through  July. 
Aecia  of  C.  coniandrae  emerge  about  the  same  time 
that  lodgepole  pine  shoots  begin  growth  and  the  aecia 
remain  abundant  through  early  summer.  Some  aecia 
continue  dispersing  spores  well  into  autumn  and, 
rarely,  new  aecia  form  in  early  autumn.  Pycnia  exude 
after  the  onset  of  aecia  from  late  June  through 
August,  some  continuing  into  September.  Uredinia 
appear  in  July  about  the  time  comandra  shoots  attain 
full  height  growth  and  the  pines  are  dispersing  pollen. 
By  early  autumn,  uredinia  are  inactive.  Telia  usually 
appear  a  couple  of  weeks  after  the  appearance  of 
uredinia  and  become  plentiful  in  August.  They 
remain  abundant  until  leaves  and  stems  die  in 
autumn. 

Elevation 

To  test  the  influence  of  elevation  on  rust 
development,  four  additional  plots  were  established 
in  the  Uinta  Mountains  near  the  Upper  Provo  River. 
All  had  southwest  aspects  and  were  located  at  eleva- 
tional  increments  of  approximately  1,000  feet  in  the 
lodgepole  pine  /one  of  from  about  7,000  feet  to  over 
10,000  feet  elevation.  Comandra  was  not  found 
above  about  X,500  feet  in  this  vicinity  even  though 
the  rust  occurred  in  cankers  near  the  upper  limit  of 
lodgepole  pine. 

From  the  evidence  of  the  plots,  elevation  has 
a  strong  influence  on  phenology  (tig.  16).  Develop- 
ment of  rust  was  earliest  and  the  season  of  develop- 
ment was  longest  at  the  lowest  elevation;  with 
increasing  elevation,  development  of  rust  was  delayed 
and  the  season  shortened.  Since  elevation  was  not  so 
clearly  implicated  as  a  factor  in  results  from  the  other 
plots  (fig.  15),  such  conditions  as  aspect  and  local 
weather  also  must  af  tect  phenology. 

Local  Weather 

In  order  to  find  out  more  about  annual  vari- 
ation in  phenology  and  the  influence  of  local 
weather,  we  established  plots  in  the  Bear  River  Moun- 
tains of  Cache  National  Forest.  Beaver  Mountain  plot 
was  located  at  7,200  feel  elevation  on  a  southern 
aspect  in  northern  Utah,  and  Fish  Haven  plot  was 
established  at  6,800  feet  elevation  on  a  southeastern 
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Figure  16.--Phenology  of  C.  comandrae  and 
lodgcpolc  pine  at  four  elevations  of  simi- 
lar aspect  in  Wasatch  National  Forest  in 
1965.  The  bars  represent  presence  of 
spores  of  various  stages:  aecial,  pycnial, 
uredinial,  and  telial.  Relative  frequency 
and  duration  of  sporulation  are  indicated 
by  vertical  and  horizontal  extent  of  the 
bar,  as  in  figure  15.  Growth  of  pine  in 
terms  of  branch  shoot  length  is  shown 
by  the  curves;  comandra  was  absent  at 
the  two  higher  elevations. 


aspect  in  adjacent  Idalio.  Temperature  and  relative 
humidity  were  recorded  by  hygrothermographs  in 
shelters  (Hungerford  1957)  that  were  placed  so  that 
the  sensors  were  about  4  to  6  feet  high  near  cankers 
of  lodgepole  pines  and  about  0.5  foot  to  1  foot  high 
near  comandra  plants.  Precipitation  was  measured  by 
recording  rain  gages  located  in  open  areas  near 
comandra.  Fifteen  branch  leaders  and  30  current-year 
needles  of  lodgepole  pine,  and  15  shoots  of  comandra 
were  marked  and  measured  weekly.  Pollen  casting  by 
pine  and  flowering  of  comandra  were  noted.  Presence 
of  aecia  and  pycnial  oozing  were  recorded  for  15 
cankers  in  each  plot.  Development  of  uredinia  and 
telia  on  the  15  marked  comandra  shoots  in  each  plot 
was  also  noted.  Periods  of  spore  dissemination  were 
determined  by  spore  traps  (fig.  17)  placed  near  sporu- 
lating  structures  of  infected  plants.  Seasonal  traps 


consisted  of  petrolatum-  or  glycerine-jelly-coated 
glass  microscope  slides  on  a  continuously  moving 
belt;  an  opening  above  the  slides  allowed  each  point 
on  the  slides  an  exposure  of  6  hours  to  deposition  of 
spores  by  gravity.  Trapping  was  also  done  intermit- 
tently by  a  suction  trap  somewhat  similar  in  oper- 
ation to  the  Hirst  trap  (Hirst  1952).  Microscopic 
examination  of  slides  showed  the  presence  of  spores, 
and  their  position  along  the  slides  showed  when 
spores  were  trapped. 

A  summary  of  spore-trapping  data,  host 
phenology,  and  weather  is  presented  in  figures  18,  19, 
and  20.  Although  aecia  were  present  on  some  cankers 
from  early  June  to  late  September,  the  vast  majority 
of  aeciospores  were  dispersed  in  June  and  July. 
During  June,  general  rain  associated  with  frontal 
storms  is  fairly  common  in  this  area.  Comandra  has 
already  made  most  of  its  shoot  growth  by  the  time 
aeciospore  inoculum  arrives.  Perhaps  this  rust-free 
period  accounts  for  the  ability  of  comandra  to  remain 


Figure  17. -Spore-trapping  device.  A  clock  drive 
pulls  a  series  of  glass  slides  on  a  belt 
beneath  an  opening.  This  trap  is 
equipped  with  a  battery-operated  ex- 
haust fan  so  that  air  is  drawn  through  a 
glass  tube  and  particles  come  in  contact 
with  glycerine-jeUy-coated  glass  slides.  If 
the  intake  tube  is  replaced  by  a  hori- 
zontal slit  and  the  exhaust  fan  is  not 
used,  this  device  can  trap  particles  that 
settle  by  gravity  onto  sticky  slides. 
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Figure  18.-Phenology  of  C".  comandrae  and  hosts  in  Beaver  Mountain  plot  in  1964  in  response 
to  weather  conditions.  In  these  diagrams,  the  seasonal  extent  of  presence  ol  fruiting 
bodies,  number  of  spores  trapped  by  gravity,  growth  of  comandra  shoots  and  duration  ol 
flowering,  and  growth  of  lodgepole  pine  may  be  studied  in  relation  to  the  precipitation 
and  temperature  conditions  existing  during  the  period  May  through  October. 
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in  plant  communities  near  rust-infected  lodgepole 
pine  for  long  periods  even  though  heavily  infected  by 
comandra  rust  almost  every  year.  The  combination  of 
susceptible  comandra  shoots  and  general  rainfall 
during  the  period  aeciospores  are  being  shed  makes 
conditions  suitable  for  primary  infection,  as  the  rust 
is  usually  common  by  mid-July  on  comandra  near 
infected  pine  stands.  The  capability  of  aeciospores  to 
germinate  well  at  prevailing  cool  temperatures  also 
enhances  primary  infection  of  comandra.  By  mid- 
July,  aeciospores  are  reinforced  by  urediniospores  as 
a  source  of  inoculum.  By  this  time,  thundershowers 
generally  prevail  and  spread  becomes  more  hap- 
hazard. Because  infection  of  comandra  shoots  takes 
only  a  short  time,  thundershowers  usually  result  in 
some  secondary  spread.  In  most  years  infected 
comandra  can  commonly  be  found  a  few  miles  from 
infected  pines,  but  in  1966,  which  was  drier  than 
normal  in  July  and  August,  the  rust  in  comandra  was 
rare  beyond  a  few  hundred  yards  from  infected  pines. 
Apparently  Uttle  secondary  spread  occurred  in  that 
year. 

Although  teha  are  present  from  late  July 
until  hard  frosts  in  autumn,  basidiospores  are  cast 
only    rarely.    Not    only    were    basidiospores   rarely 


trapped,  but  also  visual  observations  indicated  that 
basidiospore  production  had  seldom  occurred.  Low 
temperatures  prevent  any  appreciable  cast  at  night 
during  radiation  dew  periods  even  though  relative 
humidity  near  comandra  commonly  reaches  100  per- 
cent for  4  to  6  hours.  Moisture  from  thundershowers 
usually  does  not  last  long  enough  to  initiate  basidio- 
spore casting,  but  when  it  does,  drying  on  succeeding 
sunny  days  greatly  reduces  chances  of  pine  infection. 
By  such  action  the  potential  of  the  inoculum  may  be 
reduced  to  the  point  of  limiting  infection,  even  if 
favorable  conditions  follow.  Therefore,  it  appears  that 
thundershowers  are  detrimental  to  the  chances  for 
pine  infection. 

It  seems  likely  that  serious  outbreaks  of  pine 
infection  in  the  Rocky  Mountain  States  can  occur 
only  when  large  warm  storms  invade  and  remain  in 
the  area  for  several  days  during  August  or  early  Sep- 
tember when  telial  inoculum  is  plentiful  and  highly 
viable.  As  shown  in  figure  21,  heavy  rainfall  is  not 
necessary  for  abundant  telial  germination,  but  satu- 
rated air  and  long  periods  of  mild  temperatures  must 
prevail.  Even  during  those  periods  when  most  basidio- 
spores were  trapped  during  these  studies  (figs.  21  and 
22),  casting  was  soon  followed  by  periods  of  moder- 


Figure  21.--A  successful  suction  trapping  of 
basidiospores;  and  the  corresponding 
weather  data  in  Beaver  Mountain  plot 
1966. 
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Figure  22.-A  successful  suction  trapping  of 
basidiospores;  and  the  corresponding 
weather  data  in  Beaver  Mountain  plot 
1965. 
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ately  low  relative  humidity,  and  it  is  doubtful  that 
pine  infection  could  have  resulted.  In  autumn,  though 
longer  moist  periods  associated  with  frontal  storms 
are  again  more  common,  temperatures  are  probably 
too  cold  for  basidiospore  casting.  Thus  it  seems  that 
weather  conditions  that  could  lead  to  abundant  pine 
infection  are  rare  in  the  Rocky  Mountain  States. 

Tissue  Susceptibility 

By  the  time  telia  are  present  on  comandra, 
stems  of  lodgepole  pine  have  finished  elongation  and 
are  no  longer  succulent.  This  has  been  taken  to  indi- 
cate that  pine  infection  occurs  through  needles  rather 
than  directly  in  stems.  Whereas  results  from  experi- 
mental infection  of  lodgepole  pine  and  from  pheno- 
logical  data  indicate  that  current-year  and  1 -year-old 
shoots  are  probably  more  susceptible,  four  young 
infections  found  in  Teton  National  Forest  in  1966 
support  a  different  view.  These  infections,  like  those 
artificially  induced,  were  on  needle-bearing  stems  and 
had  produced  about  the  same  degree  of  swelling; 
pycnia  were  exuding  apparently  for  the  first  time.  If 
we  assume  that  the  young  trees  were  infected  only  1 
or  2  years  previously,  like  the  artificially  infected 
seedlings  in  a  similar  stage  of  development,  we  can 
conclude  that  two  infections  entered  2- or  3-year-old 
shoots,  one  a  3-  or  4-year-old  shoot,  and  one  a  4-  or 
5-year-old  shoot.  This  apparent  contradiction  of  evi- 
dence from  my  pine  infection  trials  stresses  the  need 
for  additional  information  on  susceptibility  of  tissues. 

Seasonal  Spore  Viability 

Studies  were  designed  to  determine  viability 
of  spores  collected  throughout  a  growing  season.  Via- 
bility at  18  ±0.5  C.  was  determined  with  samples 
collected  from  fruiting  structures  once  a  week.  Aecio- 
spores  were  tested  on  collodion  films  on  distilled 
water  and  urediniospores  and  basidiospores  on  2  per- 
cent water  agar;  teliospore  viability  (measured  by 
numbers  of  basidiospores  cast  from  whole  telia)  was 
determined  in  moist  chambers  over  2  percent  water 
agar  at  pH  2.  Telia  were  incubated  72  hours  and  other 
spores  24  hours.  At  least  200  aeciospores  or  uredinio- 
spores were  examined  in  each  test  for  percent  germi- 
nation, and  20  each  for  length  of  germ  tubes.  Percent 
germination  multiplied  by  mean  germ  tube  length 
gave  an  index  of  germination  (trends  of  both  percent 
and  lengths  were  similar). 
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ligure  23. -Prevalence  of  C.  comandrae  fruiting 
structures  and  corresponding  viability  in 
Fish  Haven  plot  1964.  In  bottom  graph, 
curves  are  shown  for  germination  by  tbr- 
mation  of  a  germ  tube  (primary)  or  by 
production  of  another  basidiospore 
(secondary). 
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Figure  24.--l'reva!ence  of  C.  comandrae  fruiting 
structures  and  corresponding  viability  in 
Beaver  Mountain  plot  1965.  Since  germi- 
nation of  basidiospores  during  this  year 
was  entirely  by  formation  of  germ  tubes, 
only  one  curve  is  sho\\  n. 


23 


Viability  of  aeciospores  and  urediniospores 
was  highest  during  June  and  July  and  tapered  off  in 
mid-August  and  into  September  (figs.  23  and  24). 
Thus  the  chances  of  additional  comandra  infection  in 
late  summer  and  autumn  are  diminished  in  two 
ways-the  inoculum  is  reduced  in  quantity  and  the 
spores  are  less  able  to  infect  comandra  because  of 
reduced  vigor  of  germination. 

As  telia  elongate  by  formation  of  new  telio- 
spores,  their  ability  to  cast  basidiospores  increases, 
and  they  become  highly  viable  in  early  August.  Telial 
viability  then  decreases  irregularly  over  the  rest  of  the 
season.  Decreases  result  from  occasional  germination 
of  teliospores  and  possibly  from  aging  and  daily  expo- 
sure to  near-inhibitory  high  and  low  temperatures. 
New  telia  and  new  teliospores  continue  to  form,  and 
the  ability  of  teha  to  cast  basidiospores  may  again 


increase  somewhat.  Viable  telia  are  present  until 
death  of  the  host  shoot,  even  though  the  number  of 
spores  cast  is  reduced  late  in  the  season. 

The  evidence  as  to  the  abiUty  of  basidio- 
spores to  germinate  is  more  confusing.  In  general,  ger- 
mination by  germ  tubes  decreased  as  the  season  pro- 
gressed. Sometimes  this  was  because  secondary 
basidiospores  were  formed  rather  than  germ  tubes. 
Factors  thought  to  influence  the  type  of  germination 
of  basidiospores  of  the  conifer  rusts  include  pretreat- 
ment  of  basidiospores  (Reed  and  Crabill  1915  and 
Spaulding  and  Rathbun-Gravatt  1926)  and  environ- 
mental conditions  during  germination  (Bega  1960  and 
Hirt  1935);  these  did  not  enter  into  my  experimental 
results,  as  conditions  during  germination  tests  were 
held  constant  and  there  was  no  pretreatment  of 
basidiospores. 


SUMMARY  AND  CONCLUSIONS 


The  rust  fungus  Cronartium  comandrae  was 
studied  in  the  laboratory  and  field  to  determine  how 
various  environmental  factors  influence  the  rate  of 
spread  of  comandra  blister  rust.  C  comandrae  over- 
winters and  is  perennial  in  cankers  in  pines.  It  dies 
out  annually  on  comandra  in  the  mountains.  Activity 
of  C  comandrae  is  thus  limited  chiefly  to  the  growing 
season  of  the  hosts. 

Aeciospores  that  form  on  infected  pines  are 
disseminated  by  wind  and  infect  only  comandra 
plants.  Aeciospores  may  survive  several  days  of  fairly 
severe  conditions  before  losing  viability;  they  germi- 
nate when  exposed  to  mild  temperatures  on  moist 
surfaces.  Temperatures  from  8°  to  18°  C.  are  best  for 
maximum  germination  and  germ  tube  growth.  On 
comandra,  germ  tubes  develop  appressoria,  which 
attach  to  stomates.  From  appressoria,  infection  pegs 
penetrate  between  guard  cells  to  infect  the  plant. 
Maximum  infection  occurred  in  shoots  held  at  18°  C. 
in  mist  chambers  for  48  hours. 

In.  the  field,  uredinia  develop  on  comandra 
leaves  and  stems  about  2  or  3  weeks  after  infection. 


By  wind  dispersal,  urediniospores  are  distributed  to 
other  comandra  shoots.  Urediniospores  also  retain 
viability  for  several  days  after  dissemination  even 
under  harsh  conditions.  In  the  presence  of  free  water 
and  mild  temperatures,  urediniospores  germinate. 
Temperatures  of  about  13  to  23°  C.  are  most  favor- 
able for  germination  and  infection  of  comandra.  Like 
those  of  aeciospores,  germ  tubes  of  urediniospores 
penetrate  through  stomates  of  comandra. 

About  4  to  6  weeks  after  initial  infection  in 
the  field,  telia  form  on  leaves  and  stems.  The  telia 
remain  attached  to  comandra,  and  only  under  proper 
conditions  do  their  teliospores  germinate  to  form 
basidiospores  that  are  dispersed  by  wind  to  infect 
pines.  Teliospores  germinate  in  either  darkness  or 
light  after  exposure  to  several  hours  of  saturated  air 
at  mild  temperatures.  In  unsaturated  air  telia  may 
remain  viable  for  several  weeks.  Prolonged  exposure 
to  temperatures  above  25  C.  reduces  telial  viability, 
and  daily  warm  temperatures  in  the  mountains  prob- 
ably reduce  viability  slowly.  Freezing  temperatures 
reduce  telial  viability.  After  about  6  hours'  exposure 
to   conditions  favorable  to  germination,  teliospores 
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begin  casting  basidiospores.  The  rate  of  casting  is 
rapid  lor  about  24  more  hours  if  conditions  remain 
taviirable.  Tehospores  germinate  over  a  range  oi' 
temperatures  ol'  6  to  24°  C,  but  do  best  at  temper- 
atures from  13°  to  23°  C. 


Basidiospores  are  easily  injured  by  desic- 
cation. Because  tiiey  are  dehcate,  ettective  dissem- 
ination ot  basidiospores  is  probably  limited  to  only  a 
few  miles.  Best  germination  occurs  at  about  13°  to 
23°  C.  Basidiospores  derived  from  fresh  telia  germi- 
nate by  means  of  germ  tubes,  but  those  from  old  telia 
more  frequently  form  secondary  basidiospores.  Thus, 
fresh  young  telia  are  probably  more  effective 
inoculum  for  pines.  Infection  of  pines  occurs  in 
needle-bearing  shoots,  but  the  means  and  e.xact  site  of 
infection  are  still  unknown.  Maximum  infection  in 
greenhouse  trials  occurred  in  seedlings  held  48  hours 
in  mist  ciiambers  at  20    C. 

Outbreaks  ol'  comandra  blister  rust  in  lodge- 
pole  pine  occur  only  rarely  in  the  Rocky  Mountain 
States  because  the  complex  series  of  climatic  and  bio- 
logical events  necessary  for  large-scale  infection  are 
seldom  satisfied.  An  abundance  of  aecial  inoculum 


during  rainy  June  weather  results  in  abundant  infec- 
tion of  comandra  in  most  years.  Thundershowers  in 
July  and  August  tend  to  intensify  infection  by  me;!ns 
of  uredinia,  so  that  comandra  plants  near  lodgept)le 
pine  stands  infected  with  comandra  rust  generally 
become  heavily  infected  with  this  rust.  However, 
despite  the  presence  o\  large  masses  of  telial 
inoculum,  infection  of  pine  usually  dt)es  not  occur 
because  summer  and  early  autumn  weather  does  not 
permit  it.  Thundershowers  si)metimes  provide  condi- 
tions satisfactory  lor  production  and  periiaps  sliort- 
range  dissemination  of  basidiospores,  but  conditions 
seldom  remain  favorable  long  enough  for  infection  of 
pines.  Extensive  outbreaks  oi  pine  infection  probably 
occur  only  when  large  warm  frontal  rains  invade  and 
remain  in  the  region  for  several  days  during  summers 
wiien  there  is  an  abundance  of  liiglily  viable  telial 
inoculum.  Fortunately,  this  seldom  happens  in  the 
Rocky  Mountain  States.  By  autumn,  viable  telial 
inoculum  is  less  plentiful  and  tiiough  trontal  storms 
are  more  frequent,  prevailing  temperatures  are  usually 
too  cool  for  successful  pine  infection.  While  these 
studies  point  out  the  reasons  for  infrequent  outbreaks 
of  comandra  rust  in  lodgepole  pine,  experience 
reminds  us  that  when  mass  infection  docs  occur, 
damage  continues  for  many  years  t)ver  large  areas. 
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PR0C]R;V1  DHSCRIPTION 

NliTVSL  is  a  comprehensive  computer  program  that  calculates  tlie  volume,  surface 
area,  and  length  of  tree  boles  from  stem  measurements.   Tlicse  measurements  can  he 
obtained  either  from  felled  trees,  or  taken  b_\-  a  dendrometer  from  standing  trees. 
Volume  units  include  cubic  feet  and  board  feet  (Scribncr  and/or  i nternat i  t)na 1  1/4"  log 
scale).   Total  stem  contents  [including  forks)  and  merchantable  contents  are  calculated 
for  each  of  the  three  kinds  of  volume  units.   Merchantable  contents  ai-e  defined  b\- 
arbitrary  stump  heights,  log  lengths,  and  top  diameter  limits.   Stem  diametei-s  for  the 
ends  of  logs  are  interpolated  between  adjacent  measured  stem  sections.   Top  diameters 
for  volumes  in  board  feet  are  defined  by  the  criterion  of  Mesavage.^   Pcductic^is  from 
volume  in  cubic  feet  are  calculated  from  descriptive  measurements  of  intericir  defect 
obtained  by  destructive  sampling  of  felled  trees.   In  addition,  cull  in  board  feet 
could  be  deducted  by  user-supplied  subroutines  that  are  called  in  tlie  appropriate 
sequence  during  e.xecution  of  the  program. 

NETVSL  has  been  used  to  calculate  tlie  net  volume  of  trees  destructively  sub- 
sampled  in  the  course  of  timber  management  inventories,  and  to  estimate  gross  volume 
through  dendrometry  of  a  subsample  in  lieu  of  using  conventional  volume  tables.   Other 
uses  would  include  calculation  of  net  volume  for  mill-scale  studies,  presale  cruises, 
and  local  volume  table  construction.   Because  the  com]uitat  i  ons  produce  l)oth  tlie  lioard- 
foot  scale  and  the  associated  volume-surface- length  contents,  tlie  lattei^  system  of 
units  advocated  by  Grosenbaugh^  can  be  interpreted  in  the  widel}-  used,  but  misleading, 
units  of  board  feet  (log  scale)  until  conversion  coefficients  based  on  mill-scale 
studies  provide  a  more  meaningful  interpretation.   When  presale  cruises  include  destruc- 
tive sampling  to  estimate  defect  deductions,  this  program  can  l)e  used  to  generate  the 
tree  or  log  data  cards  for  subsequent  e.xpansion  b)'  sample-estimation  formulae  to 
produce  net  volume,  surface,  and  length  for  the  entire  sale. 

Tree  data  obtained  by  dendrometry  of   standing  trees  can  be  recorded  in  the  same 
form  for  processing  by  either  NETVSL  or  by  Csrosenbaugh 's   S'i'X  program  with  only 
a  minor  difference  in  the  coding  for  forked  trees.   This  uniformity  should  simplify-  the 
training  of  dendrometer  operators.   However,  the  two  programs  are  intended  for  quite 
different  purposes.   NETVSL  is  most  useful  when  data  from  felled  trees  are  being 
augmented  by  additional  measurements  of  standing  trees,  or  wlien  a  variety  of  merchan- 
tability standards  must  be  applied  to  the  same  tree  data. 

UNITS  OF  VOLUME 

Nine  combinations  of  volume  units  and  merchantability  limits  are  possible  at 
each  run.   These  include  volumes  in  cubic  feet  or  board  feet  (Scribner  and/or  Inter- 
national 1/4"  log  scale).   For  each  of  the  three  volume  units,  three  sets  of 
merchantability  limits  can  be  specified:   total  tree;  fixed  top  diameter,  and  arbi- 
trary stump  height;  or  variable  top  diameter  and  another  arbitrar}-  stump  height. 

Log  lengths  for  board- foot  volume  calculations  are  specified  at  the  user's 
option.   Hence,  log  scaling  diameters,  positions  of  minimum  top  diameters,  and  stumji 
heights  are  located  by  interpolation  among  the  stem  sections  for  the  total  tree. 
Table  1  lists  the  codes  identifying  the  various  combinations  of  units  of  measure  and 
merchantability  limits.   These  codes  appear  in  tlie  first  column  of  the  samjile  output 
in  figure  1. 


Mesa  vage,  Clement.  Definition  of  merchantable  sawtimber  height .  J.  Forest .  63(1):  30-32  .  I'^bS. 

Grosenbaugh,  L.  R.  Some  suggestions  for  better  sample-tree  measurement .  Soc.  Amer.  Forest. 
Proc.  1963:  36-42. 

^  Grosenbaugh,  L.  R.  STX-- FORTRAN  4  program  for  estimates  of  tree  populations  from  3P  sample- 
tree  measurements.  U.S.  Forest  Serv.  Res.  Pap.  PSW-13,  49  pp.  1964. 
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Tabic  i.--Jodes  for  combinations  of  units   of  rneasure  and  merahantahiliti- 

limits  used  to  identify   outi>ut 


Units  of  measure 


Merchantability  Board  feet 


limits  Cubic  feet     International      Scribnei- 

1  /4"  log  scale 


(,  oc/e;;- 

Total  tree  1  U  ^7 

Variable  top  diameter 

and  fixed  stump  height  2  5  8 

Fixed  top  diameter  and 

fixed  stump  height  3  6  9 

^For  total-tree  volumes  in  board  feet,  an  initial  top  diameter  of 
4"  is  assumed  and  then  increased  until  the  volume  of  the  top  log  is  maxi 
mized.   The  stump  height  for  combinations  4  and  7  is  assumed  to  be 
one-half  foot. 


Mesavage's  definition  of  merchantable  sawtimber  height  is  used  for  all  six 
combinations  involving  board-foot  scaling  units.   Tliat  is,  the  jirogram  interpolates 
to  find  the  location  of  the  minimum  top  diameter  specified  by  tlie  user.   Then  the 
length  of  the  topmost  log  is  reduced  in  successive  intervals  of  2  feet  so  long  as  tlie 
volume  of  the  piece  is  increased  thereby,  or  until  the  length  of  the  top  log  has  been 
reduced  to  6  feet.   The  top  diameter  as  finally  established  by  this  analysis  is  printed 
and/or  punched  with  the  tree  totals.   However,  for  forked  trees,  only  the  top  diameter 
of  the  last  fork  is  displayed. 

FORM  OF  OUTPUT 

All  tree  identification  and  the  computed  volume,  surface,  length,  and  defect 
volume  data  can  be  printed,  punched  into  cards,  or  both,  for  each  measured  or 
interpolated  section  in  the  tree.   However,  the  data  for  separate  sections  can  be 
suppressed  in  either  type  of  output,  so  that  tree  totals  only  would  be  printed  as  in 
figure  1  or  punched  into  cards.   In  addition,  totals  of  all  the  trees  in  each  plot 
and  in  each  problem  can  be  printed  at  the  user's  option.   Figure  1  is  an  example  of 
the  printed  output  for  one  tree  showing  both  the  dimensions  of  the  separate  sections, 
and  the  tree  totals.   Output  data  for  log  lengths  and  heights  are  in  feet;  diameters 
and  double  bark  thicknesses  are  in  inches;  and  surface  area  and  basal  area  are  in 
square  feet . 

Format  of  the  punched  output  follows  the  sequence  of  the  printed  output  with 
three  exceptions.   First,  the  number  of  forks  is  punched  in  column  80.   Second, 
section  and  log  detail  cards  have  a  "1"  punched  in  column  79  that  is  replaced  by  a 
"2"  on  tree-total  cards.   Third,  coding  for  grade  of  the  piece  replaces  form  factor  on 
the  section  detail  cards  for  cubic-foot  volume  units  (i.e.,  those  coded  1,  2,  or  3  in 
column  1) . 


Location  and  identification  of  the  output  fields  are  indicated  below; 
Item  Column  Format 


II 
14 
13 

13 
14 
13 
13 

12 
F5.1 
F5.1 
F4.1 
F4.2 
F7.2 
F7.2 
F7.2 
F7.2 
F4.3 

A2 
F5.2 

II 

II 


Units  and  merch 

antabilitv  limits 

(see  table 

1) 

1 

Run  number 

2-5 

Problem  number 

6-8 

Plot  number 

9-11 

Tree  number 

12-15 

Species 

16-18 

Age 

19-21 

Section  number 

22-23 

Section  length 

24-28 

Height 

29-33 

Diameter 

34-37 

Bark  thickness 

38-41 

Gross  volume 

42-48 

Cull  volume 

49-55 

Net  volume 

56-62 

Surface  area 

63-69 

Form  factor 

70-73 

or  grade 

71-72 

Top  diameter  fo 

r  tree 

74-78 

Code  for  detail 

or 

total 

79 

Number  of  forks 

in 

tree 

80 

TREE  DATA  USED 

For  Identification 

Six  items  identify  the  computed  data  for  each  tree.   On  the  printed  output  these 
are  labeled  as  RUN,  PROB.  NO.,  PLOT  NO.,  TREE  NO.,  SPECIES,  and  AGE.   The  first  pair 
can  be  varied  if  more  than  one  set  of  calculations  is  needed  from  a  particular  collec- 
tion of  tree  data.   The  last  four  items  are  directly  associated  with  the  original  tree 
data.   Although  their  names  are  suggestive,  in  a  specific  context  their  meanings  are 
arbitrary.   For  example,  if  the  trees  had  been  measured  during  a  3P  cruise  (Grosen- 
baugh^)  the  last  four  variables  might  represent  sale  identification,  tree  number, 
stratum,  and  KPI,  respectively,  and  the  output  headings  would  be  changed  accordingly. 

For  Gross  Volume,  Surface,  and  Length 

Tree  data  needed  for  computation  of  gross  volume  in  cubic  feet  consist  of  a 
sequence  of  diameters  and  either  lengths  of  intervening  portions^  or  cumulated  length 
from  the  base  of  the  tree.   These  measurements  may  be  obtained  by  tape  or  caliper 
measurements  of  felled  trees,  or  by  optical  dendrometer  measurements  of  standing  trees, 
At  each  fork,  a  section  should  be  measured  below  the  fork  on  the  main  stem,  and  a  fork 
code  associated  with  this  section.   Another  section  is  recorded  immediately  above  the 
fork  on  the  main  bole,  and  measurements  on  up  the  main  bole  are  continued  to  the  top, 
with  positions  of  succeeding  forks  recorded  in  the  same  way.   When  the  top  of  the  main 
bole  is  reached,  the  sequence  continues  up  the  boles  of  each  preceding  fork  starting 
with  a  section  just  above  the  crotch.   Multiple  forks  should  be  measured  and  recorded 
in  a  sequence  such  as  is  diagramed  in  figure  2. 


Grosenbaugh,  L.  R.  STX--FORTRAN  4  program  for  estimates  of  tree  populations  from  3P  sample- 
tree  measurements,  U.S.  Forest  Serv.  Res.  Pap.  PSW-13,  49  pp.  1964. 
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When  diameters  and  intervening  lengths  are  recorded,  the  diameter  at  the  top  of  the  section  is  asso- 
ciated with  the  length  of  the  section. 


I 


10(/) 


Niilc  lluit  (il)si.Tv.ui.)n>  .irc 
Loiilinijci-l  up  a  hiilc  imtil 
an  J|icx  l^  I'tuchc'd.  I'lic 
rem.iuiin.L;  lork- holes  are 
measured  iii  the  sec|ueiue 
ol  a  push  iKiWn  list  last 
on  IS  lir^t  off.  The  ehai' 
atters  in  na  i"eiU  lieses  rep 
resent  tlie  iharaeters  to 
he  entered  in  i^ohimn  72  ol 
tleiulrt  uiieter  ta  nls  , 


Figure  2.  --Sequence  of  measurements  for  forked  trees. 


If  merchantable  top  specifications  include  bark  and  the  volume  is  specified  to 
be  inside  bark,  then  the  bark  thickness  should  be  measured  or  estimated.   Tf  bark 
thickness  is  to  be  estimated  by  an  equation,  the  calculation  can  be  done  in  a  user- 
supplied  subroutine,  BARKEQ,  described  later  in  this  paper.   Tlie  intervals  between  tlie 
diameter  measurements  are  arbitrary.   However,  diameters  at  abrupt  changes  of  taper 
should  be  recorded  because  scaling  diameters  for  board  feet  are  intcr]K)lated  for  a 
position  corresponding  to  the  top  of  each  log  of  nominal  length  plus  trim  allowance. 

For  Defect  Volume  [Cubic  l-'eet  ) 


Defect  is  recorded  from  measurements  taken  on  cut  sections.   As  many  as  three 
separate  areas  of  defect  can  be  identified  on  eacli  section.   Because  it  is  necessars'  to 
associate  the  cull  areas  on  succeeding  sections,  these  verticall\'  associated  measure- 
ments will  be  referred  to  as  cull  columns.   Three  measurements  are  used  to  describe  the 
cross  section  of  each  cull  coiumn.   The  first  two  are  dimensions,  and  ttie  tliird  is  a 
letter  describing  the  shape  of  the  cross  section.   Tliis  latter  information  is  the  key 
to  how  the  dimensions  are  combined  to  compute  the  cross-sectional  area  of  the  cull 


column.   The  five  shapes^  for  each  cull  cross-section  are  coded  as  follows:   (1) 
rectangular  (R) ,  (2)  circular  (C) ,  (3)  elliptical  (E) ,  (4)  pie-shaped  (P) ,  and  (5) 
annular  (A) . 

For  Grade  Classification  (Cubic  Feet) 


A  grade  may  be  assigned  to  each  portion  of  the  tree  between  measured  diameters. 
The  grade  can  be  any  two-character  alphanumeric  code. 

COMPUTER  REQUIREMENTS 

The  program  is  written  in  FORTRAN  IV  (IBSYS)  for  operation  on  the  IBM  709X  series, 
and  in  FORTRAN  IV  (G  or  U  level)  for  operation  on  IBM  System  360  computers.   It  uses 
three  logical  input-output  units  corresponding  to  the  functions  of  card  reader,  printer, 
and  card  punch.   Storage  required  on  the  IBM  709X  series  computers  is  about  16,000  words, 
and  on  the  IBM  System  360  model  67  about  65,000  bytes  are  used.   These  requirements  do 
not  include  the  input-output  subroutines. 

Source  decks  of  this  program  may  be  obtained  from  the  authors. 

PREPARATION  OF  DATA  FOR  INPUT 

Input  to  the  program  consists  of  a  preliminary  set  of  five  control  cards  that 
identify  the  run  and  select  options  for  the  final  problem,  followed  by  the  cards  con- 
taining the  tree  data  for  the  first  problem.   Subsequent  problems  would  each  consist 
of  four  control  cards  followed  by  the  corresponding  tree  data. 

Tree  data  are  entered  into  the  computer  memory  through  the  subroutine  READIN.   Two 
versions  of  this  subprogram  are  supplied  with  the  program,  one  for  entering  data  from 
felled  trees,  and  the  other  for  entering  dendrometry  data.   Specifications  for  tree 
data  to  be  read  by  one  or  the  other  of  these  versions  are  given  below.   However,  the 
user  may  wish  to  revise  the  READIN  subprogram  to  suit  his  specific  needs.   Information 
to  help  a  programer  revise  READIN  is  provided  later  in  this  paper. 

SELECTION  OF  OPTIONS 

A  run  consists  of  all  data  processed  at  one  execution  of  the  program.   A  run  may 
consist  of  one  or  more  problems,  which  are  in  turn  divided  into  plots.   One  card  selects 
certain  options  for  the  entire  run.   Three  cards  for  each  problem  select  input-output 
options  and  specify  units,  top  limits,  stump  heights,  log  lengths,  and  data  format. 
Finally,  a  card  heading  each  set  of  plot  data  determines  the  plot  summary  option. 

The  format  for  each  of  these  five  option  cards  and  the  function  each  field  serves 
are  indicated  below: 


Option 

RUN  OPTION  CARD 
Run  number 

Print  a  combined  summary 
of  all  problems? 


Value 


xxxx 

Yes  =  1 

No  =  0 


Column 

1-4 
6 


Name 

lAPNO 
lAPSUM 


Format 

14 
II 


The  coding  provides  for  10  shapes,  but  is  now  implemented  for  only  these  five  shapes „ 


Option 


Value 


Column 


Name 


■or mat 


PROBLI-.M  OPTION  CARD  (1) 
Problem  number 

Print    a  sunuiiary   of  all 

trees  in  problem? 
Logical  number  of  input 

unit^  for  tree  data 
Logical  number  of  output 

unit*-^  for  printing 
Logical  number  of  output 

unit^  for  punching 

Diameters  are  recorded  in 


Height  defined  by  summing 

piece  length 
Height  defined  as  distance 

from  ground  to  top  of 

section 

Compute  bark  thickness 
in  subroutine  BARKEQ? 

Compute  defect?   If  so, 
what  are  the  units  in 
which  it  is  measured? 

Will  cull  codes  be  used? 


Will  fork  codes  be  used? 
If  so,  what  character 
indicates  a  fork? 

Will  debugging  output 
be  printed? 

Print  cubic-foot 
measurements? 

Punch  cubic-foot 

measurements? 

Print  board- foot 

measurements? 

Punch  board-foot 

measurements? 

Log  length  (nominal) 
in  feet 

Trim  allowance  for  logs 


XX  XX 

Yes  =  1 
No  =  0 


X 

Inches  =  0 
Feet   =  1 


IFHT  =  0 


IFHT 


^ 


1-4 
6 


10 

12 
14 


16 


NIMUJB 
IPRSUM 

INPUT 

1(31JI'P 

IPNCH 
1 1- FT 

IFHT 


14 

II 

II 

II 

II 
II 

II 


Yes  =  1 

No  -  0 

18 

IFBK 

11 

No  cull  =  0 
Inches   =  1 
Feet    =  2 

20 

IFCL 

11 

Yes  =  1 

No   =  0 

22 

IFCULCD 

11 

No  =  Blank 
Yes  =  Nonblank 
Character  = 
Nonblank 

24 

I  FORK I 

Al 

Yes  =  1 

No   =  0 

26 

IDBUG 

11 

No  =  0 
Tree  only  - 
Log  ^  tree  = 

1 

28 

lOCFW 

11 

No  =  0 
Tree  only  = 
Log  §  tree  = 

1 
=  2 

30 

lOCFP 

11 

No  =  0 
Tree  only  = 
Log  5  tree  = 

1 
=  2 

32 

lOBl-W 

11 

No  =  0 
Tree  only  = 
Log  fi  tree  = 

1 

:   2 

34 

lOBFP 

11 

XXX .XX 

35-39 

BLF.N 

F5.2 

XXX. XX 

40-44 

TRIM 

F5.2 

°  If  logical  units  for  input/output  are  not  defined  here,  the  logical  unit  numlx'rs  will  he  set  to  the  default 
values  contained  in  the  BLOCK  DATA  subprogram. 


PROBLEM  OPTION  CARD  (2) 

Calculate  cubic-foot  Yes  =  1 

volume  for  total  stem?       No  =0 

Fixed  top  in  inches  multiplied 
by  10  for  merchantable 
volume  in  cubic  feet         xxxx 

Stump  height  (feet)  multi- 
plied by  10  to  accompany 
fixed  top  for  cubic  feet      xxxx 

NOTE:   If  either  IVTFC  or  IVBFC  is  greater  than 
top  will  be  calculated. 


Percent  of  d.b.h.  (o.b.)  to  be 
used  for  variable  top  for 
cubic  feet  in  subroutine 
VARTCF. 

Stump  height  in  feet  multiplied 
by  10  to  accompany  variable 
top  for  cubic  feet. 


5-8 


INTC 


IVTFC 


II 


14 


9-12       IVBFC        14 
zero, cubic-foot  volume  to  a  fixed 


xxxx 


XXX 


13-16 


IVTPC 


14 


NOTE:   If  either  IVTPC  or  IVBPC 
variable  top  will  be  calculated, 

Calculate  board-foot  volume 
for  entire  stem  to  4" 
top? 

Fixed  top  in  inches  multi- 
plied by  10  for  board  feet 

Stump  height  in  feet  multi- 
plied by  10  to  accompany 
fixed  top  for  board  feet 


s    g- 

reater 

Yes 

=    1 

No 

-   0 

than 


17-20       IVBPC        14 
zero,  cubic-foot  volume  to  a 


xxxx 


xxxx 


24 


25-28 


INTB 


IVTFB 


II 


14 


NOTE:   If  either  IVTFB  or  IVBFB  is  greater  than 
top  will  be  calculated. 

Percent  of  d.b.h.  (o.b.)  to  be 
used  for  variable  top  for 
board  feet  in  subroutine 
VARTBF.  xxxx 

Stump  height  in  feet  multi- 
plied by  10  to  accompany 
variable  top  for  board  feet,   xxxx 

NOTE:   If  either  IVTPB  or  IVBPB  is  greater  than 
top  will  be  calculated. 


29-32       IVBFB        14 
zero,  board-foot  volume  to  a  fixed 


33-36 


IVTPB 


14 


37-40       IVBPB        14 
zero,  board-foot  volume  to  a  fixed 


Log  rule  for  board  feet 


Variable  top  for  cubic-foot 
volume  is  measured  outside 
bark? 

Fixed  top  for  cubic-foot 
volume  is  measured  out- 
side bark? 


INT  1/4=0 
Scribner  = 
Both  =  2 

Yes  =  1 
No  =  0 

Yes  =  1 
No  =  0 


44 


48 


52 


INORSC 


IDOPPC 


IDOPFC 


II 


II 


II 


Option  Vahic  Clolumn  Xanic  l-ormat 

PROBL[iM  OPTION   CARD    (2)     (con.) 

Variable   top   for  board-foot  Yes    =    1  56  lUOIM'B  I] 

volume   is   measured   out-  No   =   0 

side  bark? 
Fixed   top    for  board-foot  Yes    =    1  M)  lUOIM-B  11 

volume    is   measured  \o   =   0 

outside  bark? 

FELLtiD-TREE    FORMAT   CARD    (for    felled    trees,    to   be    replaced   tiy    D[:\i)R(y.li:Ti:R   CON'STANT 
CARD   for  dendrometry   data) 

I-ORTR.AA'    input    format  1-80  l-All'  20 A 1 

enclosed    in  parentheses  (for    IBM  S>-stcm   360) 

or 
1-72  1-MT  12A() 

(  for    IBM   70'.).\) 

PLOT  OPTION  CARD 

Plot  number  xxxx  ]-7>  NPl.d'i'        13 

(must  be  nonblank  and 

nonzero) 
Print  a  summary  of  Yes  =  1  6         II'LSIJM       II 

all  trees  in  the  plot?       No  =  0 

The  options  selected  for  each  problem  are  described  on  the  first  page  of  tlie 
computer-printed  results  for  each  problem  (fig.  3).   I'or  cross-referencing,  the  names 
and  values  of  the  variables  cuing  each  line  have  been  superimposed  on  the  output. 

IN     miMLEV     -Jl-,      ^^'      rATF^^/.     IS     llS'^n    r(lC      TlJIi^ir     A'jn     TA'TVs     t  r.l     I^.■P1IT,     l(ll>r^*-7    '.MIL     "f      mr     r■.||^,^n     rAar- 

t.    <;u-'''^'Y   wHL    -":    c  i'.-.MLrn   f  ns    PRnRLEM  1       /;•,';•■-  i 

CUHic    '■noT    viiLU'-iF   'i^^    THf    wHOLF    TPfE    WILL    '1=   c/iifijLATEn        /.•;"■■--   ; 

0>"-\<:     F'lOT     vnLU-"=      .'ILL     MP     rALrilLSTHI     iCCTP'IKJr,     r-l     SiJ!«TIJTIMf^     VACTCF.      IIP     'Mft'^Tro     ,v  |  ^  L     Rf     |nn«l, 
A        3^0    FIOT     STIJ^'"     HFI^MT     ^ILL     RE     USEO. 

C'lRIC     =^0")T     vnLU'lF     TO     S  ^..'^     IMCH     tip     mlR)      and     a       1,5     foot     STII"P    ^IM      rt     rALCPLATFr) 

Bn/SRfl    FOOT     vni'JXF    IF     THE     WHOLE     TPEE     WILL    R''    fALCIILMEO  '.        -    / 

BOAPD     FOIT     VOLUME     WILL     °,^     CAL^'iLATED    ACr.OfniNG     TO    SinPQUTI'JF     VAPTPF,      T^P    niA-irTtp     wllL     "^f     ("1"). 
A        1.0    FOOT     ST'J'IP     Hi-IGHT     WILL     BF     IJ^FO, 

BOOBD    FOOT     V0HJ«1F     TO     A  7.5     INCH     TOP     (DOBl     AND     A       ?.1     FOOT     STU"P    WILl  Rf     CALCULATfO 

BOTH     INTEP*;AT  I  O'lAL     0UA9TFR     INCH    AND     SCRIBNER     BOARD    FO^T     VPLiJMF     WILL     Rf  CALrilLATFO  ■,       .     '   ^    • 

COLL     VOL'J''F     WILL     Br    CALC'ILATEDo     CULL     INPUT    •MEASUREMENTS    APE     IN    FFFT.  "         ' 

PIAVETE?     VE aSU^EMFNTS     WILl     RF      IN     FFET,  '  = 

THE   hfi:;ht   oc   a   sfcticn   is  'ieasijoeo  f^om  the     r.ROijNO     /.-'.'■'■''=  .' 

THE     FTPK     CnO=^     F"R      THIS     P'OBLFM     IS  F  '■■•■'    =    ' 

COIL    COOES  WILL     IE  US'":)    TO  [1FTEP"INF    CULL    SHAPF      irriiir:'^  ; 

CUBIC     FOOT  RESULTS  FOR    LOG  Af.'O     TREE    CALCULATIONS     WILL     ^F  PRINTED  '    ;.     -  ■ 

CUBIC     FTQT  RESULTS  "^OR    LOG  AND    TPEE     CALCULATIONS     WILL     ",i  PUNCHED  ■/     =  ?. 

BOARD     FOOT  RESULTS  FPo    log  AND    TREE    CALCULATIONS     WILL     RE  PRINrfO  ■•..    -  ' 

BOARD    FOOT  RESULTS  for    lOG  AND     TPfF     CALCULATIONS    WILL     RF  PJNCHFD  ■ '/    ^  ,' 

A  PLOT  su'-*''APv  y|Li    R(:  cor'PiL'^o  fOR  PLOT     n    .■;:-."'.'•'=  ; 


Figure  3.  --Copy  of  first  page  of  printed  output  listing  the  options  selected  for  problem  1 . 
Values  of  variables  cuing  each  Line  have  been  superimposed  on  the  listing. 
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DATA  FROM  FELLED  TREES 

Data  for  each  cut  section  are  obtained  from  cards  sorted  into  sequence  beginning 
at  the  base  of  the  tree  and  proceeding  up  the  stem.   The  format  of  these  cards  is 
specified  on  the  PROBLEM  FORMAT  CARD.   However,  the  data  sequence  required  by  the 
felled-tree  version  of  the  subroutine  READIN  included  with  the  program  is  as  follows: 


Plot  number 
Tree  number 
Species 
D.b.h. 
Age 

Height 


D 

0 

.b. 

D 

0 

.b. 

D 

i 

.b. 

D 

i 

.b. 

] 

] 


DBT 


Same  for  all  sections  in  one  tree, 


Height  above  ground  or  length  of  piece. 

Outside  bark  diameters  of  upper  end 
of  the  section. 

Inside  bark  diameters  of  upper  end  of 
the  section. 

Double  bark  thickness.^ 


Wl 
81 
Jl 

W2 
82 
J2 

W3 
83 
J3 


1st  cull  dimension  of  1st  cull  column. 
2nd  cull  dimension  of  1st  cull  column. 
Shape  code  of  1st  cull  column. 


As  above  for  2nd  cull  column 


As  above  for  3rd  cull  column. 


BW 
BB 
JB 

IFORK 


Data  to  be  transmitted  to  user-supplied 
subroutine  to  calculate  board-foot 
deductions  for  defect. 

A  fork  indicator  here  means  that  a  fork 
leaves  the  bole  at  this  level. 


IG 


Grade  of  piece  below  the  measurement  level 


The  units  of  measure  and  other  alternatives  for  the  above  data  depend  on  the 
options  selected  by  the  appropriate  punches  on  the  first  problem  option  card,  which 
was  described  under  the  heading  "Selection  of  Options."   In  the  above  list,  plot  number, 
tree  number,  species,  and  age  are  treated  as  integer  data  in  the  computer  program. 
Jl,  ,J2,  J5,  JB,  and  IG  are  treated  as  alphanumeric  data.   The  remaining  variables  are 
stored  as  floating-point  data. 

DENDROMETRY  DATA  FROM  STANDING  TREES 

Gross  volumes  of  trees  measured  with  an  optical  dendrometer  can  be  computed  with 
the  same  options  by  replacing  the  felled-tree  version  of  the  READIN  subroutine  with  the 
corresponding  dendrometry  version  of  READIN.   This  latter  program  accepts  tree  data 
measured  and  punched  to  the  specifications  used  in  Grosenbaugh 's  STX  program  with  the 

DBT  does  not  need  to  be  recorded  if  it  is  adequately  described  by  D.o.b.  minus  D.i.b. 
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exception  of  the  slash  (/)  for  tops  of  forked  trees.   However,  tlie  tree  extrapolation 
options  provided  in  SIX  are  not  used  in  NETVSL.   Instead,  the  total  Iieij^ht  o\'   the  stem 
should  be  measured  so  that  interpolation  of  the  unseen  bole  can  be  aceonipl  i  sheil . 

Dendrometer  constants  B,  Q,  U,  and  G  are  entered  on  a  l)i;NUROMi;ii;R  CONSTANT  CARL) 
that  replaces  the  PROBLEM  FORMAT  CARD  in  the  felled-tree  data  sequence.   l-'or  definition 
of  these  constants  and  for  their  format,  refer  to  the  second  STX  control  card,   which 
can  be  used  unclianged  for  NETVSL. 

Tree  data  are  entered  on  two  types  of  cards :  a  tree  input  card  and  subsequent 
dendrometer  input  cards.  Corresponding  variable  names  in  the  two  programs  for  the 
variables  on  these  cards  are  as  follows: 


NETVSL 


Column 


STX 


TREE  INPUT  CARD 


ID 

XJ 

I  AGE 

ITYPE 

Not  used 

Not  used 

DBH 

Not  used 

XBKA 

XBKB 

Not  used 

XJOB  (Plot  no.  ) 


1-4 
5 

6-9 

10 

11 
12-16 
17-21 
22-26 
27-30 
31-34 
55-76 
77-80 


KRIiENO 

J 

KPI 

EST 

XCERT 

BETATIl    (CLASS) 

DBll 

Tree  options 

BKA 

BKB 

Extrapolation  data 

Identif icat  ion 


DENDROMETER  INPUT  CARD 


ID 

XJ 

TGRADS 

FGRADS 

SINELV 

IG 

TGRADS 

FGRADS 

SINELV 

IG 

TGRADS 

FGRADS 

SINELV 

IG 

TGRADS 

FGRADS 

SINELV 

IG 

XTERM 

XJOB 


1-4 
5 
12-15 
16-19 
20-24 
25-26 
27-30 
31-54 
55-39 
40-41 
42-45 
46-49 
50-54 
55-56 
57-60 
61-64 
65-69 
70-71 

72 
77-80 


KREENO 

J 

TGRADS 

FGRADS 

SINELV 

GAMATH 

TGRADS 

FGRADS 

SINELV 

GAMATH 

TGRADS 

FGRADS 

SINELV 

GAMATH 

TGRADS 

F'GRADS 

SINELV 

GAMATH 

Identif icat  ion 


The  variable  XTERM  is  used  by  NETVSL  somewhat  differently  than  its  counterpart  in 
STX.   A  blank  value  for  XTERM  indicates  that  the  current  dendrometer  card  is  filled, 
and  more  measurements  are  to  be  found  on  the  subsequent  card.   An  asterisk  indicates 
the  last  dendrometer  card  for  a  specific  tree.   A  plus  sign  in  XTEll\l  indicates  that 
the  last  trio  of  dendrometer  measurements  was  taken  at  the  point  where  a  fork  was 
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encountered.   Subsequent  dendrometer  measurements  will  continue  for  this  tree  on  the 
next  card.   The  tip  for  each  fork  except  the    last   is  indicated  by  a  slash  (/)  in  XTERM 
of  the  last  card  containing  data  for  that  fork. 

Dendrometry  of  the  two  lowest  measurement  levels  may  not  be  feasible.   Accordingly, 
NETVSL  follows  the  STX  procedure^  for  substituting  tape-measured  diameters  and  lengths. 
Initial  TGRADS  should  be  recorded  as  a  fictitious  -999.   Then  initial  FGRADS  should  be 
the  stump  diameter  outside  bark,  in  inches  and  tenths.   The  corresponding  SINELV  should 
be  the  length  between  stump  top  and  the  next  measurement  level,  recorded  in  feet  and 
tenths  with  the  decimal  point  punched.   Second  TGRADS  should  be  blank,  while  second 
FGRADS  should  be  the  diameter  at  the  next  measurement  level  (usually  b.h.).   Second 
SINELV  is  recorded  as  length  [in  feet  and  tenths  with  decimal  point  punched)  between 
this  measurement  level  and  the  first  actually  dendrometered  measurement  level  above. 
Examples  to  illustrate  these  procedures  are  provided  in  appendix  A. 

TERMINATING  PROCEDURE 

Transition  from  cards  containing  data  for  one  tree  to  cards  for  the  next  tree  is 
indicated  by  the  change  in  tree  number  (felled-tree  data)  or  by  the  terminal  asterisk 
(dendrometry  data).   The  end  of  a  plot  is  indicated  by  a  blank  card.   That  is,  a  blank 
card  will  suffice  so  long  as  the  preceding  tree  number  is  nonzero. 

A  second  blank  card  indicates  the  end  of  a  problem,  and  a  third  blank  card 
terminates  the  run. 

CALCULATION  PROCEDURES 

GEOMETRIC  ASSUMPTIONS 

Tree  Bole 

Wood  volume  and  surface  area  below  the  first  diameter  measurement  are  computed  as 
though  the  stump  were  a  cylinder  of  the  given  length  and  diameter.   The  diameter  of 
the  uppermost  section  of  each  fork  must  be  zero.   If  the  field  measurements  do  not 
include  the  tip  of  the  tree,  a  fictitious  section  of  trivial  length  and  zero  diameter 
will  suffice  to  permit  computation  to  proceed.   No  attempt  will  be  made  to  extrapolate 
beyond  the  actual  measurements.   The  volume,  area,  and  any  interpolated  diameters  in 
the  section  terminating  at  the  tip  are  computed  as  though  the  section  were  a  right 
cone.   Intervening  sections  of  normal  taper  are  treated  as  right  parabolic  frustra. 
Hence,  their  volume  in  cubic  feet  is  computed  by  Smalian's  formula,  and  the  surface 
area  as  the  surface  of  revolution  of  the  appropriate  parabolic  segment.   If  the  diameter 
at  the  top  of  a  section  exceeds  the  next  lower  diameter,  the  intervening  section  is 
treated  as  an  inverted  right  conic  frustrum. 

Cull  Columns 

For  each  cross  section,  the  area  of  each  cull  column  is  computed  by  the  equations 
shown  in  table  2  associated  with  their  respective  shapes,  the  dimensions  W  and  B  of  the 
cull  column  cross  section,  and  the  bole  diameter,  D.   The  volume  in  cubic  feet  of  a 
cull  column  between  two  succeeding  sections  is  computed  by  assuming  the  following  geo- 
metric shapes  having  the  indicated  end  areas. 


This  description  is  paraphrased  from  the  comnaents  in  SBR  subroutine  written  by  L.  R,  Grosenbaugh. 
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Table  2  .--Fornulae  relating  cull  oross-sectional  area^    to  shape,    section  uianK^ter-   (iO 

and  aull  dimensions    (W,   B) 


Shape Code  [■oniiula  for  ;'.rea 

Rectangular  R  S  =  IV-B 

Circular  C  S  =  ,i  W-V4 

Elliptical  E  S  -  n  W-B/I 

Pie-shaped  P  S  -  (it/4)  (1)'-/1441  K/B 

Annular  A  S  =  (  "/H  (IV-  -  B-  ) 


^S  is  measured  in  square  feet.   W  and  B  will  be  converted  to  feet  if  cull  is 
specified  to  have  been  measured  in  inches. 


(1)  A  frustrum  of  a  right  paraboloid  when  the  defect  is  visible  on  both  ends 
of  the  log. 

(2)  A  right  paraboloid  tangent  at  its  vertex  to  the  lower  end  of  the  portion 
when  the  cull  is  visible  only  on  the  cut  surface  of  the  upper  end. 

(3)  A  right  cone  with  vertex  at  tlie  upper  cut  if  the  cull  is  \isil)le  only  on 
the  lower  cut  surface  of  the  piece. 

Inaccurate  calculation  of  volume  and  surface  will  result  if  the  tree  does  not  con- 
form to  the  above  abstractions.   However,  the  magnitude  of  the  error  can  be  reduceil  In' 
closer  spacing  of  the  section  measurements.   If  the  above  assortment  of  cull  shapes  does 
not  adequately  approximate  the  cull  area,  the  shape  should  be  designated  as  R,  the  first 
dimension  set  equal  to  the  true  cull  area,  and  the  second  dimension  set  equal  to  1. 

SUBPROGRAMS  INTENDED  TO  BE  MODIFIED  OR  SUPPLlld)  BY  THE  USHR 

The  NETVSL  program  calls  several  subprograms  to  perform  certain  calculations  that 
users  may  have  reason  to  modify  for  local  conditions  or  to  meet  sju'cific  object  i\-es. 
These  subprograms  are: 

[1]   READIN,  that  transfers  data  from  the  card  (or  tape)  source  into  the 
appropriate  storage  location  for  the  variables  needed  for  computation. 

(2)  BARKEQ,  that  calculates  bark  thickness. 

(3)  VARTCF,  that  calculates  the  variable  top  diameter  for  cubic-foot  volume 
(output  code  2) . 

(4)  VARTBF,  that  does  the  same  for  board-foot  volume  (output  codes  :>  and  S). 

(5)  BRDCUL,  that  calculates  the  defect  deductions  for  net  board-foot  volume. 
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(6)   BLOCK  DATA,  that  establishes  values  of  many  variables  governing  input- 
output  unit  assignments,  and  other  constants  used  throughout  the  program.   Details 
concerning  these  subprograms  follow. 

READ IN 

Two  versions  of  READIN  have  been  programed:   one  for  felled-tree  data  and  one  for 
dendrometry  data.   READIN  is  called  in  three  ways.   The  value  of  the  variable  ISET 
indicates  the  way  in  which  READIN  has  been  called.   READIN  is  called  once  per  problem 
with  ISET=1  to  perform  initialization  such  as  reading  in  variable  formats,  once  per 
plot  with  ISET=-1  to  read  data  needed  to  initialize  the  program  for  plot  data,  and  with 
1SET=0  to  read  data  for  subsequent  trees  in  the  plot. 

The  task  of  the  READIN  is  to  enter  data  into  the  matrices  Z  and  IZ.   These  matrices 
will  have  as  many  rows  as  there  are  measured  sections  in  the  tree.   The  columns  are 
defined  as  follows: 

diameter 

height  above  ground  or  piece  length 

W  for  1st  cull  column 

D     tt       II       II  II 

W  for  2nd  cull  column 

D     II       II       II  II 

W  for  3rd  cull  column 

D     II       II       II  II 

Double  bark  thickness  (only  if  measured  on  tree) 

Optional  use  for  board-foot  defects 
II      II   II    II     II    II 

M  II       II         II  II         II 

Shape  indicator  for  1st  cull  column 
II       II      II   2nd   "    " 

II  II  II    Xyr\         "       " 

Fork  indicator 

Optional  use  for  board-foot  defects 

Grade  of  the  piece 

In  addition,  values  should  be  assigned  to  the  following  tree  variables: 

ID  =  tree  number 

DBH  =  tree  diameter,  outside  bark 

lAGE  =  data  to  be  listed  as  "age."  Use  is  arbitrary. 

ITYPE  =  data  to  be  listed  as  "species."  Use  is  arbitrary. 

In  the  above  list,  Z  is  a  matrix  of  real  variables;  IZ  and  IG  are  alphanumeric 
variables;  ID,  lAGE,  and  ITYPE  are  integer  variables;  and  DBU  is  a  real  variable. 

When  the  dendrometer  version  of  READIN  is  used,  set  IFFT=0,  IFHT=1,  and  IFORKI=+  on 
PROBLEM  OPTION  CARD  (1). 

BARKEQ 

This  subprogram  is  called  from  the  DIALEN  subprogram.   It  deducts  estimated  bark 
thickness  from  the  diameters  in  the  sequence  in  which  they  have  been  stored  by  DIALEN. 
The  call  to  this  subprogram  is  bypassed  if  IFBK  (column  18  on  PROBLEM  OPTION  CARD  (1)) 
is  zero.   The  version  of  BARKEQ  distributed  with  NETVSL  estimates  double  bark  thickness 
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z 

:i,i) 

z 

:i,2) 

z 

:i,3) 

z 

:i,4) 

z 

:i,5) 

z 

:i,6) 

7 

:i,7) 

z 

:i,8) 

z 

:i,9) 

z 

:i,io) 

Z    ( 

:i.ii) 

z   ( 

-1,12) 

IZ( 

:i,i] 

IZ( 

1,2) 

IZ( 

•1,5) 

IZ( 

1,4) 

IZ( 

1,5) 

IG 

(I) 

from  the  ratio  of  inside-bark  to  outs  i  dc-bai'k  diameters  at  hi-east  height  l)v  the 
relation : ^ 

UBT=D(I)*[BARKBli/niU]]*[QUA.\7(l'i:.\'()-nri  l/PBH)  1 

in  which 

DBT  =  double  bark  tliickness 

0(1)  =  outside  bark  diameter  at  the  level  for  wliich  bark  is  being  estimated. 
UBli  =  diameter  outside  bark  at  breast  hcigiit  [B.ll.j 
BARKBH  =  double  bark  thickness  at  B.ll. 

QUAN,DnNO  =  constants  establisiiiiig  ttie  asymptote  of  the  l\y]>erbol  a ,  such  that 
DnN'0-l.=QUAN. 

Additional  variables  available  to  BARKhQ  that  are  useful  for  estimating  bark  thickness 
are : 

lTYPE--the  species  code 

IAGE--the  tree  age 

llT(ITDIAl--the  height   of   the   top  of  the   tree 

iiT(I)--the  height    at   the   estimation  point 

VARTCF 

This  subprogram  calculates  the  top  diameter  to  be  used  with  output  code  2.   The 
version  of  VARTCF  distributed  with  NETVSL  calculates  the  variable  top  as  a  fraction  of 
DBH.   The  fraction  is  obtained  from  lVTPC/100.   The  latter  variable  is  input  data  from 
columns  13-16  of  PROBLEM  OPTION  CARD  (2).   The  argument  list  with  which  VARTCl-  is  called 
is  (DBH,  lVTPC/100,  IVTFC/1 VTFLT,  VT) . 

IVTPC  and  IVTFC  are  read  from  PROBLEM  OPTION  CARD  (2).  IVTFLT  is  a  scale  factor 
set  to  10  in  BLOCK  DATA.   VT  is  the  calculated  variable  top.  Although  IVTI-C  is  avail- 
able, it  should  be  used  with  caution  because  a  nonzero  value  of  IVTFX;  will  cause  cal- 
culation of  volumes  in  cubic  feet  to  this  f  i  .xed  top  diameter  (output  code  7>    in  tai)le  2). 

VARTBF 

This  subprogram  is  analogous  to  VARTCF  except  that  it  uses  IVTPB  and  IVTFB  in  the 
second  and  third  calling  arguments.   A  similar  caution  applies  to  using  the  third 
argument . 

BRDCUL 

Defect  deductions  in  board-foot  units  have  not  been  programed  because  the  rules 
for  these  deductions  are  quite  variable.   However,  the  NETV.SL  program  does  provide  for 
reading  the  necessary  data  and  transmitting  these  data  to  tiie  BRDCUL  suliprogram,  which 
is  called  after  log  intervals,  diameters,  and  gross  volumes  have  lieen  calculated. 

The  data  for  computing  cull  in  board  feet  are  stored  in  locations  identified  by 
the  following  names: 

IBOTM(J)  Index  of  the  data  for  the  bottom  section  of  ttie 

Jth   fork 
ITOP(J)  Index  of  the  data  for  the  top  section  of  t!ie  -'th 

fork 
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Clement  Mesavage  (personal  communication)  has  found  that  this  formulation  of  the  vertical  trend  of 
bark  thickness  has  wide  generality  with  QUAN=1,  DENO=2. 
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KFORK 

HT(I) 

DIA(I) 

Z(I,10),  Z(I,11)  , 

Z[I,12) 
IZ(I,5) 


Number  of  forks  (equals  unity  for  single-boled 

trees) 

Height  above  ground 

Diameter  in  inches 

Board-foot  cull  dimensions  at  the  Jth  section 


Shape  code  for  board-foot  cull  calculations 

(For  the  above  variables,  I  ranges  from  IBOTM(J)  to  ITOP(J).) 

NOS  Number  of  logs  (plus  one  for  the  base  of  each 

fork)  in  the  tree 

BHT(K)  Height  above  ground  of  log  top 

BDIA(K)  Diameter  at  top  of  the  log 

BFLN(K)  Length  of  log 

BBARK(K)  Bark  thickness 

BFVS(K)  Board-foot  volume  (Scribner) 
BFVI(K)  ■'    "     "    (International) 

BCLVS(K)  "    "     "    in  cull  (Scribner) 

BCLVI(K)  "    "     "    "   "    (International) 

(For  the  above  variables,  K  ranges  from  1  to  NOS.) 

BLOCK  DATA 

Input-output  variables  are  preset  in  BLOCK  DATA  to  correspond  to  the  system  con- 
figuration at  particular  computer  centers.   The  logical  units  used  for  I/O  are  defined 
by  the  following  self-explanatory  variable  names:   NREAD,  NWRITE,  and  NPUNCH.   The 
number  of  lines  per  printed  page  is  set  to  60  as  the  value  for  the  variable  LINEC. 

Cull  codes  of  C,  R,  E,  P,  and  A  are  established  in  the  vector  ICLC.   The  length 
of  ICLC  is  given  by  the  value  of  NCODE .   The  sequence  of  cull  codes  should  correspond 
to  the  sequence  implied  in  the  computed  GO  TO  statement  in  subprogram  CUAREA. 
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APPIJNDIX  A 

TVPICAI.  INSTRUCTIONS  I'OR  MI.ASIJR  I  Nc;  AND 
RliCORDINC;  TRlii;  DATA 

Samples  of  field  procedures  that  have  been  used  to  obtain  data  I'or  processini;  bv 
NCTVSI,  may  be  helpful  to  some  users  of  this  proj-ram.   Tliese  procedures  liave  been 
developed  for  use  under  certain  ,)f  the  programed  options,  and  according  to  decisi^.n^^  on 
standards  of  accuracy  that  were  appropriate  for  the  immediate  purpose  of   a  particular 
analysis.  Ucnce ,    many  of  these  procedures  are  more  restrictive  than  the  proorani  re- 
quires.  For  instance,  the  opportunity  for  j^rade  classification  is  not  used  e.xplicitlv 
m  cither  example  shown  below.   Khc-n  cpiestions  arise  in  interpret  i  nt;  these  sample 
instructions,  the  answers  should  be  souglit  in  the  main  l)od>-  of  th  i  s'^pajn-r . 

The  following  examples  also  contain  useful  test  data  for  new  users  of  NfiTVSI.. 


FELLED- TREE  DATA  SHEET  FOR  GROSS  AND  CULL  VOLL'ME 


Location  no.     /  /  3    Tree  no.  /^  /       National  Forest   0/  ^    Date    July    ^,   ^/^ -Species  C^S  DBH  JjZ3 


Height 
above 
ground 

Cubic  volume  data 

1st  cull  area 

2nd  cull  area 

3rd  cull  area 

DOB 

DIB 

DBT 

W 

B           S 

W 

B 

S 

VV 

B 

S 

1 

2 

1 

2 

*=: 

-    H^'re   uou    felt   that  UOB-DIb  yould  not  oive   an 

1     . 
4     . 

0 
5 

3  (^3 
1   20 

3  L-  3 
1    S  0 

/  Sg 

/  X<} 

0  3  0 

/  ^c 

0  1  0 

curate 
7? 

estimate  of  DBT  so  you  rreasured 
and  recorded  DBT. 

9     .     1 

1  LC 

1  (,  4 

1  H^ 

1  sls 

0  1  '/- 

\^oo 

0  /  s- 

;? 

* 

1  7     . 

2  5     . 

3 

4 

f  ^g' 
1  3f 

/  3  4, 

t  3S 

/   /  6 
/   X  g 

a  0  i 

/   (:>0 
/  0  0 
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7? 

* 

3    3     . 
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6 

t  3^ 

/  3  1 

1  3  3 
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/   0-3 
/    2./ 
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\ 
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7? 
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9 
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/  /  7 

K 

No   c-ui-i.    ouscruen   ueyona    irrir    ramL. 

1           1           !            1           1            1            ! 

5    8     . 

0 

/  23 

/  X3 

/    /3 

//  3 

Indicates   that  you  out  that  8  foot  ceation 
in  tijo  at  4  feet  and  found  that   the  rot 
column  had  run  out,   so  you   left    the 
columns   under  1st  cull  area  blank. 
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Figure  4. --Sample  field  sheet  for  recording  felled -tree  data, 


Instructions  for  Measuring  and  Recording  Data--Felled  Trees  (Example  1) 

A  sample  field  record  sheet  with  data  entered  is  shown  in  figure  4.   The  first 
five  columns  record  the  heights  above  ground  at  which  measurements  were  taken.   Heights 
that  mark  the  scaling  end  of  16-foot  logs  are  preceded  by  asterisks . -^  °  All  data  re- 
corded on  the  same  line  as  any  given  height  are  measurements  taken  at  that  height. 

Proceeding  from  left  to  right  across  the  page,  under  the  heading  DOB  of  Cubic 
Volume  Data,  record  the  long  and  short  diameters  of  the  tree  trunk  outside  bark. 
Columns  headed  1  and  2  are  provided  for  these  entries.   Under  DIB  are  recorded  the  long 
and  short  diameters  inside  bark.   In  trees  where  double  bark  thickness  cannot  be 
accurately  obtained  by  subtracting  average  DIB  from  average  DOB,  enter  double  bark 
thickness  under  DBT .   IVhen  this  is  not  necessary,  leave  DBT  blank. 

Space  is  provided  for  recording  measurements  from  three  cull  areas  in  the  cross 
section  of  the  tree  (fig.  5).   For  the  First  Cull  Area,  enter  under  W  the  width  of 
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Figure  5.  --Sample  field  recording  sheet  for  a  tree  having  four  columns  of  interior  defect, 
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Implicit  in  these  heights  are  the  options  on  stump  height,  log  length,  and  trim  allowance. 
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the  cull  area.   Under  B  enter  the  breadth  of  tlie  cull  area.   As  used  in  this  context, 
width  and  breadth  mean  the  long  and  short  measurements  of  the  cull  area.   Ihider  S 
indicate  the  shape  of  figure  most  closely  apjiro.ximat  ing  the  cull  area.   lor  an  ellipse- 
(including  a  circle)  enter  1"..   For  a  rectangle  (including  a  stjuare)  enter  R.   lor 
ring-shaped  defect,  the  outer  and  inner  dimensions  of  tiie  ring  are  recorded  undeT  I'. 
and  B  respectively,  and  "A"  is  the  shape  code  (fig.  (> )  . 

Pie-shaped  defect  affecting  an  entire  segment  of  the  cross  section  can  be  recorded 
by  "P"  for  shape.   Then,  W/B  is  the  fraction  of  the  circle  to  be  deducted. 

If  called  for,  the  procedure  outlined  for  the  First  Cull  Area  will  be  re[>eated  for 
the  Second  Cull  Area  and/or  the  Third  Cull  Area. 

More  than  one  rot  column  can  be  recorded  under  First  Cul 1  Area  if  there  is  at  least 
one  intervening  measured  section  with  no  entry  in  that  column. 


Figure  6. --Cull  shapes 
and  corresponding 
measurements  to 
describe  them. 
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The  same  instruction  applies  to  a  second  or  third  rot  column,  if  encountered.   For 
example,  suppose  that  a  single  rot  column  extends  from  the  stump  upward  into  the  tree 
bole.   Designate  cross  sectional  areas  of  this  rot  column  as  the  First  Cull  Area.   When 
a  second  rot  column  is  encountered,  as  shown  in  figure  5,  its  measurements  will  be 
recorded  under  Second  Cull  Area.   The  same  would  be  done  for  a  third  rot  column.   IVhen 
the  first  rot  column  runs  out,  do  not  shift  columns  on  the  data  sheet.   Data  for  a 
continuous  rot  column  in  the  tree  must  be  recorded  entirely  under  one  cull  area  column. 
Continue  to  record  measurements  of  the  second  rot  column  under  Second  Cull  Area  until 
it  runs  out.   Do  likewise  for  the  third  rot  column.   If  more  than  three  rot  columns  are 
found  in  a  tree,  the  fourth  or  fifth  rot  column  may  be  recorded  in  a  set  of  columns  that 
has  been  used  previously,  provided  that  at  least  one  row  for  measurements  that  is  blank 
in  these  columns  separates  the  measurements  of  the  two  rot  columns.   Or,  if  any  cross 
section  of  the  tree  bole  has  more  than  three  cull  areas,  group  the  measurements  in  such 
a  way  as  to  result  in  recording  measurements  for  three  cull  areas,  one  or  two  of  which 
are  actually  composed  of  two  separate  cull  areas. 

All  measurements  recorded  on  the  data  sheet  should  be  in  feet  and  tenths  and  hun- 
dredths of  feet.   Faint  vertical  lines  ruled  in  the  columns  would  help  to  guide  the 
placement  of  digits.   To  promote  accuracy  in  keypunching,  it  is  essential  that  digits 
be  placed  properly. 

Although  the  heights  at  which  the  tree  will  be  cut  are  already  written  into  the 
columns  headed  Height  Above  Ground,  every  alternate  row  has  been  left  blank  so  that  an 
intermediate  cut  resulting  in  4-foot  sections  could  have  measurements  recorded.   If  cuts 
are  taken  at  irregular  heights,  record  them  on  the  alternate  rows  and  strike  out  the 
height  figures  that  are  printed  on  the  other  lines.   At  the  top  of  the  tree,  record 
total  tree  height  on  an  alternate  line  (unless  by  chance  tree  height  is  identical  with 
one  of  the  heights  printed  on  the  form) ,  and  record  000  under  1  and  2  for  both  DOB 
and  DIB. 

Input  Data  for  Felled  Tree  (Example  1) 

A  set  of  cards  with  felled-tree  data  (figs.  4  and  5)  ready  for  a  run  is  listed  in 
figure  7.   This  example  also  shows  two  additional  problems  with  the  transition  cards 
needed  to  terminate  a  problem  and  a  run. 

The  format  of  the  tree  data  in  this  example  is  as  follows: 

Column 


Plot  number 

Tree  number 
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As  above  for  3rd  cull  column 
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Figure  7.  --List  of  input  data  cards  for  felled  trees  ready  for  computing. 
The  first  two  trees  represent  the  data  shown  in  figures  4  and  5. 


Instructions  for  Recording  Dendrometry  Data--Standing  Trees  (Example  2) 

To  ensure  that  tree  measurements  are  punched  into  cards  accurately  for  easy 
processing,  special  care  must  be  taken  in  recording  dendrometer  measurements.   Another 
important  reason  for  being  careful  in  recording  data  is  that  a  measurement  once  lost 
cannot  be  retaken  6  months  later  when  one  is  a  thousand  miles  away. 

The  form  we  have  used  (fig.  8)11  for  recording  dendrometer  measurements  in  the 
field  has  several  spaces  marked  at  the  top  where  information  pertaining  to  the  entire 
tree  is  recorded.   These  spaces  are  named  and  carry  numbers  corresponding  to  the  data 
card  columns  in  which  the  digits  recorded  therein  will  be  punched.'  The  bottom  portion 
of  the  field  form  contains  four  columns  (T,  F,  S,  and  G) ,  which  are  used  to  record 
measurements  taken  on  the  bole.   Each  row,  across  all  four  columns,  contains  the  mea- 
surements taken  at  a  particular  height  on  the  tree.   Thus,  a  single  row  of  figures  on 


Figure  8.   --  Dendrometer 
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tlie  lower  portion  of  tlic  form  in  column  T  contains  the  TCIRADS  readini;  at  tliat  heij^ht  on 
the  tree.   Column  1-  contains  the  I'dRADS  readinj;,  and  column  S  contains  the  sine  eleva- 
tion reading.   l-'our  rows  across  the  columns  contain  the  data  to  he  punched  intt)  one 
card.   .\ote  that  the  first,  fiftli,  and  ninth  lines  ha\-e  space  Uiv   an  exti'a  digit  on  tlie 
left  edge  of  the  TC^RADS  column.   In  these  places  put  1,  2,    and  ?>    in  ccnisecutive  ortlei- 
to  denote  the  first,  second,  and  third  card  on  which  the  data  will  he  punched.   If  t!ie 
number  of  measurements  taken  on  any  tree  necessitates  continuation  on  anotlier  cai'd, 
write  4,  5,  6,  etc.,  in  corresponding  spaces  on  the  seciMTd  cartl.   The  fourth,  eighth, 
and  twelfth  lines  contain  similar  extra  spaces  at  the  right  of"  the  double  column 
headed  G.      The  characters  written  in  tliese  spaces  denote  the  last  measurement  \'ov   a 
particular  tree  on  a  given  punch  card,  and  signify  the  kind  of  measurements  for  the 
same  tree  that  will  follow  on  the  ne.xt  punch  card.   This  will  be  discussed  in  detail 
later. 

Consider  once  more  the  data  spaces  on  the  top  half  of  the  field  form.   IVhat  follows 
describes  the  entry  of  data  into  them. 

Item  Column 


TREE  NO.  1-4 

CT  (Card  counter)  .S 

KPI  (Value  prediction  in  7->P   sajiipling  0-9 

SIR  (Stratum)  10 

CERT  (*,  =)  11 

(Distinguishes  probability-sample  trees 
from  sure-to-be-measured  trees  in 
5P  sampling) 
CLASS  (Species)  12-16 

D.b.h.  (Inches  and  tenths.   Decimal  is  18-21 

implied  between  columns  20  and  21) 
OPl  .  .  .  OPS  (Not  used  by  NETVSL)  23-25 

BARKl*  r Enter  two  bark  ^ 

thickness  measurements  28-.30 

taken  at  breast  height   S 
BARK2  i   Implied  decimals  between!  52-.'S4 

columns  29-30  and  33-34,1 
^respectively  J 

UMAXL  (Not  used  by  NETVSL)  36-58 

UDORT  (Not  used  by  NETVSL)  40-41 

JOB    (Use  only  3-digit  plot  number  77-80 

number  for  NETVSL.   Enter  zero 
in  column  77) 

The  top  portion  of  the  field  form  (fig.  8)  can  be  completed  in  far  less  time  than 
it  takes  to  tell  about  it.   Dendrometer  measurements  are  recorded  on  the  lower  portion 
in  the  columns  headed  T,  F,  and  ±S.   The  column  headed  G  may  be  used  to  recortl  the  gradt 
of  the  section  below  the  point  of  observation.   The  following  section  on  measurements 
describes  the  proper  recording  of  data  line  by  line  and  column  h>-  column,  following  the 
sequence  in  which  ineasurements  will  be  taken. 

First  Measurement 

The  first  measurement  to  be  recorded  is  stump  diameter.   The  one-digit  box  added 
at  tne  left  edge  of  the  first  line  of  column  T  contains  1.   This  shows,  when  the  data 
are  punched  into  cards,  that  the  card  containing  the  first  four  rows  of  dendrometer 
measurements  is  first  in  the  sequence  of  dendrometer  cards  for  this  particular  tree. 


23 


In  the  T  column,  enter  -999.   This  is  not  a  real  TGRADS  reading,  but  it  signifies  that 
this  is  the  first  measurement  on  the  tree  and  that  it  is  a  taped  measurement  rather 
than  a  set  of  dendrometer  readings.   In  the  F  column,  0200  is  recorded- -the  stump 
diameter  (o.b.)  of  the  tree,  20.0  inches.   The  decimal  point  is  understood  to  be  between 
the  third  and  fourth  digit  of  0200.   It  is  not  written  on  the  field  form,  but  the  com- 
puter program  assumes  it  to  be  there  when  the  data  are  processed.   The  leading  0  is 
written  in  to  fill  the  space.   In  the  ±S  column,  003.5  is  entered.   Although  this  is  the 
sine  elevation  column,  the  number  entered  here  on  the  first  row  is  not  a  sine  elevation 
because  the  first  measurement  is  not  a  dendrometer  measurement.   Rather,  this  entry  is 
the  distance  in  feet  up  the  tree  to  the  next  measurement.   On  this  tree  it  was  3.5  feet 
from  stump  height  to  breast  height,  where  the  next  measurement  was  taken.   The  decimal 
point  in  this  entry  is  written  by  the  notekeeper.   Leading  O's  are  also  entered  as  shown 
in  figure  8. 

Second  Measurement 

The  next  measurement  on  the  tree,  which  is  d.b.h.  measured  with  a  tape,  is  re- 
corded on  the  second  row.   For  this  level,  four  O's  are  entered  in  the  T  column.   Diame- 
ter at  breast  height,  in  inches  and  tenths,  is  entered  on  the  second  row  in  column  F  in 
the  same  way  that  stump  diameter  was  entered  on  the  first  row.   For  this  tree,  d.b.h. 
was  17.0  inches.   In  the  upper  part  of  this  form,  0170  is  entered  in  the  d.b.h.  space. 
In  the  second  row  of  the  ±S  column,  five  consecutive  O's  are  entered  for  this  measure- 
ment.  This  shows  that  the  next  measurement  on  the  tree,  which  follows  on  the  third 
row,  will  be  taken  at  the  same  height  as  the  second  measurement. 

Third  Measurement 


The  third  measurement  is  d.b.h.  again,  but  measured  this  time  with  the  dendrometer. 
Now,  on  the  third  row  the  T  column  contains,  at  long  last,  a  true  TGRADS  reading,  namely, 
0485,  entered  as  shown.   Column  F  contains  a  true  FGRADS  reading,  0791,  entered  as 
shown.   The  ±S  column  contains  the  first  sine  elevation  reading,  namely,  -1680. 

Subsequent  Measurements 

Dendrometer  readings  for  the  first  level  of  measurement  above  breast  height  are 
recorded  on  the  fourth  row.   In  this  example,  sine  elevation  readings  are  increasing 
and  continue  to  increase  to  the  top  of  the  tree.   Notice  also  that  all  sine  elevation 
readings  end  in  either  0  or  5.   This  is  because  it  is  possible  to  estimate  the  instru- 
ment reading  to  this  degree  of  precision,  but  no  closer.   Even  so,  this  is  more 
precision  than  the  instrument  was  intended  to  give.   However,  if  the  instrument  loca- 
tion is  changed, -^2  the  continuous  increase  in  sine  elevation  may  be  disrupted.   As 
figure  8  demonstrates,  the  FGRADS  readings  usually  decrease  as  tree  height  increases. 
Occasionally,  FGRADS  may  increase  slightly,  but  usually  they  decrease.   After  each  set 
of  instrument  readings  is  taken,  the  trend  of  FGRADS  should  be  checked;  if  an  increase 
is  noted,  measurements  should  be  checked  before  the  instrument  is  moved.   A  short  sec- 
tion of  a  tree  trunk  may  show  negative  taper,  but  this  is  fairly  uncommon.   The  third 
level  of  measurements  above  breast  height  is  recorded  on  row  5  of  this  field  form.   A 
2  is  recorded  in  the  box  at  the  left  of  the  T  column  to  show  that  this  row  records  the 
first  set  of  readings  that  will  be  punched  into  the  second  data  card  for  this  tree. 

Measurements  are  taken  at  irregular  intervals  up  the  stem  separating  portions  of 
uniform  taper  and  grade.   Readings  taken  at  the  top  of  the  tree  are  recorded  on  line  9 
of  the  field  form.   The  TGRAD  and  FGRAD  readings  at  the  top  of  the  tree  are  identical, 
indicating  a  zero  diameter.   The  last  box  on  the  right  of  the  G  column  at  the  bottom  of 
the  field  form  contains  an  asterisk  (*) ,  which  shows  that  the  third  punched  card  will  be 
the  last  card  containing  data  for  this  tree. 


One  move  to  a  different  instrument  location  up  or  down  hill  is  permitted. 
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Continuation  on  a  Second  Sheet 

If  enough  measurements  are  made  on  a  single  tree  to  require  cont  i  nu.it  i  on  on  .1 
second  sheet,  fill  the  spaces  at  the  top  of  tlie  second  sheet  so  as  to  duplicate  the 
first  card.   Write  "continued"  at  the  toji  o\'   tlie  second  sheet  (and  the  tliird,  it"  neces- 
sary).  On  the  first  sheet  write  "1  of  2"  or  "1  ot  3"  in  the  upper  right-hand  corner. 
On  the  second  (or  third]  write  "2  of  2"  or  "7>   of  7>,"   etc.,  in  the  upjicr  ri  ght -liand 
corner  (fi  g .  91  . 

Forked  Trees 

Figure  9  shows  how  data  for  forked  trees  are  recorded.   Aftei-  the  stump  and  d.h.h. 
measurements  are  recorded,  instrument  readings  are  recorded  up  to  the  last  measurement 
below  the  fork,  corresponding  to  measurement  4.   'I'he  readings  taken  at  such  a  point 
were  recorded  on  the  fourth  row  of  the  first  sheet.   The  sine  elevation  reading  at  this 
level  is  -1000,  and  a  plus  sign  (  +  )  is  recorded  in  the  e.xtra  box  on    the  right  edge  of 
column  G.   This  keys  the  computer  program  to  com]uite  the  volume  of  the  next  section  of 
tree  trunk  separatel)-  and  to  add  it  to  the  volume  that  has  alread}-  been  accumulated. 

Measurements  for  the  first  fork  follow,  starting  on  tiie  fifth  row.   Note  that  tlie 
sine  elevation  recorded  for  the  bottom  of  the  fork  is  about  the  same  as  that  recorded 
for  the  top  of  the  first  trunk  section.   Measurements  are  then  taken  up  the  stem  of  the 
fork  and  recorded  as  shown.   At  the  top  of  the  first  fork,  FGRADS  and  ICRAUS  readings 
are  equal  (line  11  of  card  1).   No  dendrometer  readings  are  recorded  on  the  twelfth 
line . 

The  measurements  for  the  second  fork  are  punched  into  a  different  set  of   data 
cards.   In  the  deck  of  punched  cards  for  a  tree,  it  is  essential  that  measurements  for 
the  portion  of  the  trunk  below  a  fork  and  for  the  forked  portions  not  be  punched  into 
the  same  card.   For  this  reason  the  twelfth  line  on  the  first  card  is  left  blank  except 
for  the  slash  (/)  in  the  extra  box  at  the  right  of  column  G.   On  the  first  line  of  the 
lower  portion  of  the  sheet  for  tliis  tree  (which  will  be  the  first  set  of  measurements 
on  the  fourth  punched  card),  are  entered  the  dendrometer  readings  for  the  bottom  of   the 
second  fork.   Dendrometer  readings  arc  then  recorded  for  successive  levels  of  measure- 
ment up  the  stem  of  the  fork  until  the  top  is  reached.   The  first  box  at  the  right  of 
column  G  following  the  last  entry  of  data  (which  happens  to  be  on  the  same  line  on  this 
card)  then  contains  an  asterisk  (*)  to  signify  the  end  of  data  for  that  tree. 

Change  in  Instrument  Location 

The  dendrometer  may  be  moved  from  one  observation  level  to  another  without  special 
recording  procedures  onlu    if   the  new  location  is  on  the  same  horizontal  plane  as  the 
previous  location. 

One  move  to  a  different  horizontal  plane  is  permitted.   The  wa\-  in  which  data  are 
recorded  after  change  to  a  new  elevation  is  sliown  in  figure  10.   Measurements  are  taken 
and  recorded  in  the  usual  fashion  until  it  is  desirable  to  move  the  instrument  to  a  new 
location.   Readings  taken  at  this  new  level  arc  recorded  on  line  6  of  the  samjile  I'orm 
(fig.  10). 

Data  for  forked  trees  require  special  precaution  wlien  the  instrument  is  moved 
because  the  plus  character  is  used  to  indicate  l)oth  (1)  the  point  at  wiiich  a  fork 
leaves  the  bole  and  (2)  the  relocation  of  the  instrument.   I'o  overcome  this  ambiguity, 
the  convention  has  been  adopted  that  only  the  first  ])lus  recorded  for  a  forked  tree  can 
represent  a  relocation.   All  subsequent  plus  cliaracters  are  interpreted  as  fork  loca- 
tions.  A  +  sign  is  then  placed  as  shown  on  line  8.   After  the  instrument  is  set  up  at 
the  new  location,  a  measurement  is  taken  at  the  same  height  on  tiie  tree  as  the  last 
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measurement    tiiken   at    the   pirevious    location.       Therefore,    the   data    recorded   on    line    'J 
(fig.    10}    were   taken   at   the   same  height    as    those    recorded   on    line   b,   but    from   tlie   new 
location.      Measurements   arc   then   taken   and   recorded  up   to   the   top   of   tlie   tree    in    the 
normal   manner. 


Figure  10. - -Recording 
dendrometer  data 
when  instrument 
location  is  changed. 
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APPIJNDIX  B 

F.RROR  MHSSAni-:S  AND  1)1  AlINOSTI  CS 

Die  main  program  in  NF.TVSL  calls  many  suliprograms  to  accomr.lish  particular  phases 
of  the  calculations.   After  the  calls  to  most  of  the  sul)programs ,  the  main  program 
tests  the  status  of  the  variable:  IliRROR.   If  lliRROR  is  nonzero,  this  error  message  is 
printed  in  which  xxxxx,  yyyyy,  and  zzzzz  arc  replaced  h_\-  the  values  of  I1:RR(M',  .IIIvRO!^, 
and  KERROR,  respectively: 

ERROR  xxxxx  HAS  OCCURRED  IN  SECTION  yyyyy.   1;RR0R  COUNT  =  zzzzz. 

The  value  of  KERROR  is  incremented  by  one  eaok   time  an  error  condition  is  encoun- 
tered, and  the  tree  is  omitted  from  further  processing. 

The  values  of  lERROR  and  their  associated  diagnostics  are  grouped  by  the  sul)- 
programs  in  which  they  arise  in  the  following  list. 


Subprogram 
DIALEN 


lERROR 


401 


Interpret  at  ion 

Number  of  sections  is  greater  than  the  ic 
storage  locations  provided.   If  this  is  true, 
the  program  dimensions  must  be  increased. 
Otherwise,  look  for  such  situations  as 
duplicated  tree  numbers  in  successive  trees, 
or  missing  asterisks  on  dendrometcr  cards. 

Number  of  forks  is  greater  than  the  eiglit 
storage  locations  provided.   If  tliis  is  true, 
the  program  dimensions  must  be  increased,  or 
the  tree  pruned. 

Number  of  forks  as  indicated  liy  the  occurrence 
of  fork  codes  does  not  match  the  numlier  of 
tops  indicated  by  zero  diameters.   Check  for 
missing  fork  codes  or  extraneous  zero  diame- 
ters . 

404  Negative  diameter  found.   Clieck  data  for  cause. 

Each  of  the  above  errors  will  cause  DEBUG  outjuit  to  be  printed. 

BOARDF  801  See  DIALEN  401  above. 


402 


403 


CUAREA 


802 


1101 


Indexes  arc  in  error  in  calculating  the 
positions  of  saw- log  tops.   If  there  are  no 
previous  errors  for  tliis  tree,  obtain  DliBUt; 
output  and  consult  with  the  senior  author-. 

An  error  has  occurred  in  matching  the  cull 
codes  of  the  data  with  the  cull  code  keys 
stored  in  BLOCK  DATA.   This  matching  is 
accomplished  in  CUIA'OL.   Check  that  XCODi;  has 
not  been  initialized  to  a  value  greater  than 
10  in  BLOCK  DATA. 


RHADIN 


1201 


The  plot  number  on  the  section  being  processed 
does  not  agree  with  tlic  plot  number  on  the 
preceding  PLOT  OPTION  CARD.   Check  data 
sequencing. 


120: 


Sec  DIALEN  401  above. 


FORMF 


1204 


1501 


A  card  sequence  error  has  been  detected  among 
the  dendrometcr  cards.   Check  data  sequence. 

Form  factor  of  nonforkcd  tree  is  suspiciously 
large . 


In  addition  to  the  above  errors,  uiiich  will  cause  the  offending  tree  to  be  skipped, 
one  message  that  may  be  printed  in  DIALHN  may  indicate  erroneous  data.   DIALEN  checks 
that  the  length  of  each  section  is  greater  than  0.0001  foot.   If  not,  the  message: 


LENCTH  OF  SECTION 


[ 


V  CHANGED  TO  0.0001 


is  printed  witli  the  index  of  the  section  and  its  prior  length  inserted  in  place  of  I 
and  y,  respectively.   Witli  dendrometry  data,  small  negative  lengths  may  result  from 
small  errors  of  measurement  of  closely  spaced  sections.   In  tliis  case,  if  FLN(I)  is 
reasonably  close  to  zero,  the  volume  calculations  should  not  be  seriously  affected. 
Otlierwise,  the  data  sequencing  and  recording  sliould  be  checked  for  errors. 


AFPS,    Ogden,   Utah 
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Headquarters     for     the     Intermountain 
Forest   and    Range   Experiment   Station 
are  in  Ogden,  Utah.    Project  headquar- 
ters are  also  at: 
Boise,  Idaho 
Bozeman,    Montana     (in    cooperation 

with  Montana  State  University) 
Logan,     Utah     (in    cooperation     with 

Utah  State  University) 
Missoula,     Montana     (in    cooperation 

with  University  of  Montana) 
Moscow,    Idaho    (in   cooperation   with 

the  University  of  Idaho) 
Provo,     Utah     (in     cooperation     with 
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INTRODUCTION 


The  serotinous  cone  fruiting  habit  is  an  important 
factor  in  the  silviculture  of  lodgepole  pine  (Pinus 
contorta  Dougl.)  in  the  northern  Rocky  Mountain 
and  Intermountain  regions.  The  usual  practice  of 
block  clearcutting  depends  upon  an  adequate  supply 
of  stored  seed  in  serotinous  cones  (Bates,  Hilton,  and 
Krueger  1929;  Boe  1956;  Tackle  1961,  rev.;  1964). 
Lodgepole  pine  does  not  normally  disperse  sufficient 
seed  for  adequately  reproducing  a  stand  beyond 
about  3  chains  from  the  timber  edge  (Boe  1956; 
Tackle  1964).  The  several  years'  seed  supply  stored  in 
serotinous  cones  is  the  source  of  seed  for  regenerating 
the  clearcut  block  beyond  this  distance.  Natural 
regeneration  is  usually  superabundant.  However,  areas 
exist  where  regeneration  has  been  difficult  to  obtain, 
particularly  in  southeastern  Idalio. 

Most  Rocky  Mountain  stands  have  been  consid- 
ered as  bearing  an  abundance  of  serotinous  cones,  but 
recent  evidence  has  shown  that  significant  local  vari- 


ation exists  (Lotan  1967).  Individual  trees  in  the 
same  stand  vary  in  fruiting  habits,  most  trees  distinc- 
tively bearing  either  open  or  closed  cones  (Clements 
1910;  Mason  1915);  and  to  date  no  one  lias  clearly 
demonstrated  causal  factors  related  to  the  habit.  (In 
this  paper,  the  term  "closed  cone"  is  equivalent  to 
"serotinous  cone.") 

To  learn  more  about  the  degree  of  cone  serotiny 
in  lodgepole  pine  and  the  number  of  closed  cones  per 
acre,  we  sampled  stands  on  two  physiographic  areas 
located  just  west  of  the  Continental  Divide  near 
Island  Park,  Idaho,  on  the  Targhee  National  Forest. 
The  survey  was  started  in  1961  and  completed  in 
1964  using  a  previously  developed  sampling  tech- 
nique (Lotan  1963).  The  areas  had  been  designated  as 
difficult  to  reforest,  and  other  regeneration  studies 
(including  seedling  survival  studies)  were  centered 
there  (Lotan  1964a). 


METHODS 


Sampling  was  stratified  by  two  elevational  levels 
(fig.  1)  divided  by  a  plateau  front  at  about  7,000  feet 
elevation:  (I)  Island  Park  Flat  with  an  average 
6,500-foot  elevation  and  (2)  Moose  Creek  Plateau 
with  an  average  7,700-foot  elevation.  A  total  area  of 
about  60,000  acres  (nearly  equally  divided  between 
the  two  elevational  strata)  was  sampled  within  the 
boundary  of  the  Moose  Creek  Plateau  timber  sale  of 
1960.  Some  stand  characteristics  from  the  two  strata 
are  compared  in  table  I. 

SAMPLING  TECHNIQUE 

Fifty-nine  systematically  located  I/50-acre  plots 
were  established  in  alternate  square  miles,  and  a  total 
of  229  trees  sampled.  Within  each  plot  all  trees  5.6 
inches  d.b.h.  and  larger  were  felled,  and  closed  cones 


were  counted  on  25  outer-1-foot  branch  segments  in 
the  upper  portion  of  the  crown  of  each  tree.  The  tree 
was  sampled  from  the  top  downward  until  the  25 
samples  were  taken.  AU  closed  cones  were  counted  on 
59  trees  to  obtain  a  regression  formula  for  estimating 
total  closed  cones  on  the  remaining  trees.  Part  of 
these  total-count  trees  were  used  in  a  previously 
reported  formula  (Lotan  1967).  From  these  data  tiie 
following  regression  formula  was  computed: 

Y  =  253X-215 

where  Y  =  total  serotinous  cones  per  tree,  and  X  = 
mean  serotinous  cones  per  sampled  branch  segment. 
The  correlation  coefficient  is  0.814,  and  the  standard 
error  of  estimate  is  84  cones.  The  half-confidence 
interval  for  the  population  mean  is  1 14  cones  per  tree 
at  the  5-percent  level  of  probability. 


ISLAND 
PARK 
FLAT 


MOOSE 

CREEK 

PLATEAU 


I       I    Island  Park  Flat 

Southern  Portion  Moose  Creek  Plateau 


Northern  Portion  Moose  Creek  Plateau 


Figure  1. -Location  of  study  area.  Island  Park  Ranger  District,  Targhee  National  Forest,  Idaho,  1964. 


Current  and  open  cones  were  counted  on  the  25 
samples  from  eacli  tree  to  determine  tlie  percentage 
of  closed  cones  per  tree  and  the  percentage  of  trees 
bearing  closed  cones  in  the  stands.  This  gave  a  tree- 
by-tree  comparison  of  the  closed-cone  habit  inde- 
pendent ot  variation  in  cone  production  of  individual 
trees. 


Data  were  collected  on  plot  and  tree  factors  that 
we  thought  might  be  related  to  the  percentage  of 
serotinous  cones  on  a  tree:  elevation  of  the  plot;  and 
a  numerical  rating  of  dwarfmistletoe,  d.b.h.,  total 
heiglit,  percent  live  crown,  crown  class,  vigor  class, 
and  age  for  each  tree. 


Table  1 .  -  Characteristics  of  stands  in  serotinous  cone  survey, 
Targhee  National  Forest,  1964 


Study  area 


Average  age 


Average  d.b.h. 


Average 
total  height 


Years 


Inches 


Feet 


Island  Park  Flat  117  ±8' 

Moose  Creek  Plateau  191  ±  12 


10.0  ±  Yi 
12.5  ±  Vz 


66  ±  2 
61  ±  2 


Standard  error  of  the  mean  at  the  95-percent  level  of  probability. 


RESULTS  AND  DISCUSSION 


The  results  on  the  Targhee  National  Forest  were 
similar  to  those  obtained  on  the  Gallatin  National 
Forest  (Lotan  1967)  in  that  adjacent  areas  have  pro- 
duced varymg  degrees  of  cone  serotiny.  The  trees  on 
Island  Park  Flat  produced  more  than  three  times  as 
many  serotinous  cones  per  acre  as  those  on  the  upper 
level  (table  2).  These  stands  had  more  trees  per  acre,  a 
greater  average  number  of  closed  cones  per  tree  (table 
2),  and  a  greater  percentage  of  trees  bearing  predom- 
inantly serotinous  cones  (table  3)  than  stands  on  the 
Moose  Creek  Plateau. 

Also,  as  previously  reported  (Lotan  1967),  the 
closed-cone  fruiting  habit  of  individual  trees  on  these 
areas  was  usually  quite  pronounced.  Only  about  20 
percent  of  the  trees  were  classified  "intermediate" 
(table  3)  in  fruiting  habit  on  both  areas-slightly  more 
than  the  previously  reported  10-14  percent.  Trees 
were  classified  as  serotinous  if  they  bore  90  percent  or 
more  closed  cones  and  open  if  they  bore  1 0  percent  or 
less  closed  cones.  Of  the  trees  growing  on  Island  Park 
Flat,  48  percent  were  serotinous;  of  those  on  Moose 
Creek  Plateau,  23  percent  were  serotinous. 


Although  data  collected  on  the  Moose  Creek 
Plateau  were  not  formally  substratified,  a  sharp  break 
was  observed  in  the  number  of  cones  per  acre  north 
and  south  of  a  line  indicated  in  figure  I.  North  of  this 
arbitrary  hne  (no  logical  basis  was  found  to  stratify 
these  data  other  than  the  difference  in  results)  plots 
averaged  105,000  cones  per  acre,  and  more  than  half 
of  the  plots  had  over  100,000  cones  per  acre.  South 
of  this  line,  average  number  of  cones  per  acre  was 
only  15,000,  and  over  half  of  the  plots  had  no  cones. 
The  percentage  of  "serotinous"  trees  was  not  too 
greatly  different  on  these  two  substrata- 19  percent 
on  the  southern  portion  and  26  percent  on  the  north- 
ern portion. 

It  is  difficult  to  explain  the  differences  in  fruiting 
habit  obtained  in  this  study.  A  multiple  regression  of 
recorded  plot  and  tree  factors  explained  less  than  10 
percent  of  the  variation  in  percentage  of  serotinous 
cones  per  tree.  The  two  most  obvious  statistical  con- 
tributors are  elevation  and  age  of  the  stands.  How- 
ever, superimposed  upon  this  is  a  difference  in  stand 
history.  Most  of  the  Island  Park  Flat  has  been  "tie- 


Table  2.--Estimated  average  serotinous  cones  per  acre 
in  stands  near  Island  Park,  Idaho,  1964 


Average 

Average 

Average 

Average 

Average 

Study  area 

trees 
per 

serotinous 
cones 

serotinous 
cones 

sound 
seed 

sound 
seed 

plot 

per  tree 

per  acre 

per  cone' 

per  acre 

Thousand 

Million 

Island  Park  Flat 

4.4 

772 

173 

10.7  ±3.1 

1.8 

Moose  Creek  Plateau 

3.5 

295 

53 

15.7  ±3.2 

0.8 

North  portion 

4.2 

500 

105 

16.2  ±5.4 

1.7 

South  portion 

3.1 

94 

15 

15.1  ±3.7 

0.2 

Standard  error  o)  the  mean  at  the  95-percent  level  of  probability. 


Table  ^.-Variation  of  serotinous  cone  habit  in  stands 
near  Island  Park,  Idaho,  1964 


Trees  bearing 

Trees 

Trees 

Study  area 

predominantly 

intermediate 

bearing 

serotinous 

m  cone 

predominantly 

cones' 

habit  2 

open  cones  ^ 



Percent 

Island  Park  Flat 

48 

19 

33 

Moose  Creek  Plateau 

23 

20 

57 

Trees  bearing  90  percent  or  more  serotinous  cones. 
^' Trees  with  more  than  10  but  less  than  90  percent  serotinous  cones. 
Trees  bearing  10  percent  or  less  serotinous  cones.. 


hacked,"  that  is,  selected  larger  trees  (1 1  to  16  inches 
d.b.h.)  were  removed  for  railroad  ties  about  1935. 
Most  of  the  stands  on  the  Moose  Creek  Plateau  are 
extremely  overmature,  with  individual  trees  over  400 
years  old.  A  linear  regression  with  plot  elevation  and 
tree  age  as  independent  variables  explained  only  5 
percent  of  the  variation.  On  the  Gallatin  National 
Forest  (Lotan  1967)  a  strong  genetic  component  was 
suggested  because  the  highest  percentage  of 
serotinous-coned  trees  occurred  in  an  even-aged  stand 
originating  from  fire-these  trees  no  doubt  originated 
from  closed  cones  in  the  previous  stand.  In  that  study 
the  high  percentage  of  open-coned  trees  was  found  in 
stands  that,  for  the  most  part,  originated  from  open- 
coned  trees. 


Crossley  studied  fruiting  habit  of  lodgepole  pine 
in  Canada  (Crossley  1956)  and  suggested  a  possible 
age  relationship  to  closed-cone  habit,  with  very  young 
stands  (17  years  old)  bearing  open  cones  and  55-  to 
250-year-old  stands  bearing  closed  cones.  In  the  pres- 
ent study  the  age  spread  was  too  limited  to  detect 
this  relationship. 

SUviculturally,  the  data  show  that  there  should  be 
sufficient  seed  stored  in  closed  cones  to  regenerate 
the  stands  by  block  clearcutting  if  slash  is  handled 
properly  (Boe  1956;  Lotan  1964b;  Tackle  1964). 
Slash  must  be  exposed  to  radiant  energy  near  the 
surface  of  the  ground  to  melt  the  resin  bond  holding 
the  cone  scales  and  must  be  dozer-piled  before  germi- 
nation occurs.  Timing  is  of  the  essence. 


The  amounts  of  seed  stored  in  closed  cones  as 
reported  in  tliis  study  give  approximate  estimates  of 
the  biotic  potential  for  seedling  establishment  begin- 
ning with  sound  seed.  Other  studies  such  as  that 
reported  by  Lotan  (19(-)4a)  provide  guides  to  the 
probabilities  for  germination  and  survival  of  available 
seed.  However,  the  results  as  reported  by  Lotan  were 
values  for  an  above-average  year  with  respect  to  mois- 
ture conditions. 

The  estimated  sound  seed  values  on  the  Moose 
Creek  Plateau  may  be  marginal.  If  we  assumed  a  goal 
of  1,000  established  1-year-old  seedlings  per  acre  and 
a  probability  of  0.02  (seed-to-seedling  ratio  of  50:1) 
for  seedling  survival  after  1  year,  we  would  then  need 
50,000  sound  seed  per  acre  to  produce  our  goal  of 
1,000.  Our  unknown  probability  in  this  situation  is 
the  proportion  of  the  800,000  sound  seed  per  acre 
that  will  be  released  from  cones  and  fall  upon  the 
soil.  This  gives  us  16  times  the  number  of  seed 
required  upon  the  seedbed  to  allow  for  this  unknown 


probability.  This  amount  will  probably  be  adequate 
lor  good  years  but  may  not  be  so  for  abnormally  dry 
years.  We  need  more  iiiloinialion  on  probabilities  of 
success. 

This  study  accomplishes  little  toward  elucidating 
factors  of  cone  serotiny  except  to  point  out  problems 
involved  in  studying  the  matter  and  some  impli- 
cations of  local  variation.  We  are  left  with  many  ques- 
tions. What  is  the  relation  between  tiie  serotinous 
cone  habit  and  fire?  Is  regeneration  by  fire  highly 
selective  for  the  closed-cone  habit  as  I  hinted  in  dis- 
cussion of  the  Gallatin  National  Forest  data  (Lotan 
1967)?  What  is  the  relation  of  serotinous  cone  habit 
to  other  destructive  agents  such  as  the  mountain  pine 
beetle  and  dwarfmistletoe?  What  are  the  effects  of 
management  in  selecting  for  or  against  the  closed- 
cone  habit?  Because  of  the  importance  of  tlie  cone 
habit  in  the  silviculture  of  lodgepole  pine  (whether 
for  timber,  watershed,  esthetics,  or  whatever),  further 
research  is  needed  into  this  interesting  phenomenon. 


LITERATURE  CITED 


Bates,  Carlos  G.,  Huber  C.  Hilton,  and  Theodore  Krueger. 

1929.  Experiments  in  the  silvicultural  control  of  natural  reproduction  of  lodgepole 
pine  in  the  central  Rocky  Mountains.  J.  Agr.  Res.  38(4):  229-243,  illus. 

Boe,  Kenneth  N. 

1956.  Regeneration  and  slash  disposal  in  lodgepole  pine  clear  cuttings.  Northwest  Sci. 
30(1):  l-ll,mus. 

Clements,  F.  E. 

1910.  The  life  history  of  lodgepole  burn  forests.  U.S.  Dep.  Agr.,  Forest  Serv.  Bull.  79, 
56  pp.,  illus. 

Crossley,  D.  I. 

1956.  Fruiting  habits  of  lodgepole  pine.  Can.  Dep.  North.  Aff.  and  Nat.  Resources, 
Forest.  Br.,  Forest  Res.  Div.  Tech.  Note  35,  32  pp.,  illus. 

Lotan,  James  E. 

1963.  Sampling  serotinous  cones  in  lodgepole  pine.  Mont.  Acad.  Sci.  Proc.  23:  20-24, 

Ulus. 

Lotan,  James  E. 

1964a.  Initial  germination  and  survival  of  lodgepole  pine  on  prepared  seedbeds.  U.S. 
Forest  Serv.  Res.  Note  INT-29,  8  pp.,  illus. 

Lotan,  James  E. 

1964b.  Regeneration  of  lodgepole  pine:  a  study  of  slash  disposal  and  cone  opening. 
U.S.  Forest  Serv.  Res.  Note  lNT-16,  4  pp.,  illus. 

Lotan,  James  E. 

1967.  Cone  serotiny  of  lodgepole  pine  near  West  Yellowstone,  Montana.  Forest  Sci. 
13(1):  55-59,  illus. 

Mason,  D.  T. 

1915.  The  hfe  history  of  lodgepole  pine  in  the  Rocky  Mountains.  U.S.  Dep.  Agr.  Bull. 
154,  35  pp.,  illus. 

Tackle,  David. 

1961,  rev.  Silvics  of  lodgepole  pine.  Intermountain  Forest  and  Range  Exp.  Sta.  Misc. 
Pub.  19,  24  pp.,  illus. 

Tackle,  David. 

1964.  Regenerating  lodgepole  pine  in  central  Montana  following  clear  cutting.  U.S. 

Forest  Serv.  Res.  Note  INT-17,  7  pp.,  illus. 


3   a- 


6  .: 


n. 

i2    u   "^ 
-^     C     «J 

"^  'f  a 
S  ,?  u- 

"^  c  ^ 

■q.  c  ,^ 

jy  3  = 

o  2  3 

a,  g 

■o    c    n. 
^  -  >^ 


.5  ^ 


u 


'J  o 

i  ^ 

1—1  CO 

S  0^ 

5  -' 

O 
_] 


oj   u.   3 


'J     'J    5 


5j    !«   -^  t:  t: 

■5  u   fl   c  '■;:  —  — 

I  S  -s  o  2  o 

g  E  I  S  .^  ^  I  I 

■~    S    .„    -^  '^  ,.  J3  2 

"^i  •£  a.    - 


2 
o    o 


«   Q-     3 


^  -2  -a    o  ^  (2 


■^  .2 


a    g    -J    c    t.  -   — 

■p  ^  'p;  2  o  '^  '-'  w 


.2  J::    J;h    o  o  j:  5    "-^ 


o    £ 


-   o 

•5  -S  -c 


—  r^  ^  -;  -^ 

*j    2     u  O     u     .. 

^  .£   -   8   5   -  I  5 


«  ^  u  <u  o 

o  «  „  g  2  S 

_,  C  C  °^  J>  o 

2^  o  -J  c  -S  '.n 

o  !/5  u  'n  —  o 

°  §  ="  i  3  S 

a  c  20  X)  — 

C  O  ^  o  ^  "3 

P  '"  -ii  i:  ii  :-  S   '^  i^ 


o 


5   «  TJ 


§  ^ 


.^     >     O 
^    -3    ^ 

c/2  2  13 


>,,   o 


-J  ^  - 

?  'J  p  ^  ■- 

-,    ^  tH  o  ^ 

0    -^  >  ^^n  'i' 

■^  ^ :  §  "^  ^ 

2     S  i;  on'  >■  T3 

5    1)  £^  r-  C  c 


•< 

1J 

':> 

.f 

T3 
O 

o 

Q. 

d 

o 

,»^ 

r3 

> 

o 

-5 

"3 

£ 

TJ 

^ 

*-l 

■^ 

^ 

iX 

1^ 

"^ 

Q 

d 
•a 

H 

C 

-2 
a. 

c 

-2 

p 

Cm 

i 

-r 

-3 

3 

o 

^ 

.5 

1—1 

c 

ly 

, 

^ 

•^ 

"w 

^ 

-^ 

^ 

:^ 

_iii 

Qi 

■~ 

->^ 

o 

c 

U 

'^ 

a- 

c 

£ 

u 

r3 

5 

■J 

1-> 

o 

- 

o 

0 

1j     o 


53 

U.   3 


■5 

o 

5 

0 

o 

2 

V 

^' 

^ 

^ 

c 

r--' 

'J 

r> 

a. 

Xl 

o 

c: 

t:; 

~ 

-t— 

r3 

'ij 

o 

,, 

-~-i 

c: 

-C 

^ 

w 

w 

is 

CJ 

V) 

'-J 

^^^ 

r3 

'J 

O 

•J 

> 
'J 

o 

n 

-^' 

'>-. 

*-■ 

-_^ 

'_) 

o 

"T* 

o 

r3 

.E 

'^ 

o 

73 

■y. 

'*-» 

o 

" 

^ 

■^ 

o^. 

^ 

S 

k-i 

.E  2  — -       .2  ■=  j=    ■-'  ^ 

o      r-        .  T^'  .—     •-'      -,      -J 


2      S 

5    o 


—-   ^-    n 


^  -^  a.    ^'    p 


a.  3 


•r;  o   5i  U 


a. 


2    55 

-J      OJ 
y!     C 


s  c  :i  t; 

'J  J!  o  3 

t.  o  a. 

;;;  8 -^  ^ 

i'  r^'  ^  -a 


r 

c 

1    tu 
13 

o  - 

C    1>     > 

,       O         U 

■o 

T3 

-«-' 

< 

d 

5   ^1 

3>.s 

1) 

3 
0 

3 

-a 
0 

c 

0 

1) 

^  r  E 
§2^ 

tx 

Q 

i^ 

?i 

Q. 

a 
3 

,  E 
£ 

00 

z 

r/i          <^          ^ 

§  -a  -a 

.H  -^  s 

J=  — <    s 

n    "J 

_2 

rt 

0 

a 

0 

c 
0 

o 

d  ~! 

o   a 

a. 

'J 
a,' 

13 

C     C 

u 

'^ 

1 

c9  OS 

'S     0 
o   ^ 

•a 

0 

r3 

a  -J    n 
2  S  ~ 

^  .^ 

"^ 

3? 

0 

0 

C 

•a 

«  ^ 

>■    ■   i- 

i:  o 

0 

0 

-3 

c 
1) 
c 
a. 

to     ^ 

'd  o 

o  u. 

o  o 
E  '^^ 

5  5 

x: 

0 
0 

U- 

.0 

i) 

"2  ■  r  ■" 

<u     > 

2  Ji 

is 

tu 
c 
0 

r3 

5 
a 

c 
0 
U 

i> 

3     3 

"■  2  ■- 

o.  a 

0 

-- 

o 
u 
T3 

S   d 
c    ex 

O     <u    „ 

f  8  1 

o    ^ 

3 
0 
c 

71 

O 

""   vo 

o   </,   B 
Q   g    a 

■5     3 

0 

IJ 

O 

i^    3 

D 

Q. 

s 

c 
o 

S  2  '^ 

3j  ^ 

T3 

c 
0 
'•J 

C 
0 

lU 

E 

•U 

s 

3 
0 

0 
2i5 

M 

OJ 

1>    o 
E  ^ 

O    ■" 

u,  D 

5  5  o 
1  5^ 

'-^  0 

(«    0 

.3 

0 
3 

0 
0 

1) 

E 

—1    00 

1  2 

3,  >   o 

II  i 

rti      ^      ^^ 

1-4 
1) 

0 
0 

0 

.   1 

2  « 

OJ 

T3 

5 

H- il 

OO      ^H        1) 

<«     C 

■^ 

0 

a 

t-4* 

c 
•a 

oil 

a, 

2 
0 

?5 

1 

rj 

-r3 

3 

3 

0 
"a. 

d 

0 

^ 

1) 

> 
r3 

0 

0 

T3 
0 

-3 
0 

c 
0 

Q 

rt 

'■n 

3 
0 

s 

E 
0 
■0 

c^ 

c 
'J 

Q. 

Q. 

£ 

£ 

00 

d 
•a 

c/5 
d 

c 

Z 

d 

a, 

y5 

c 

'J 

ig 

a« 

u 

1-4 

c 

-3 

c 
0 
0 

3 
0 

a 

^ 

E 
^ 
S 

•J 

ai; 

0 

n 

_3 

■— 

0 

-3 

*^ 

_2 

-ii" 
a. 

C3 

a: 

■  •-■ 

c/l 

"^ 

0 

,-^ 

c 

U 

13 

■3 

t/i 

CTJ 

M 

i3 

S 

,0 

0 

0 

n 

-3 

r3 

i>n 

Slj 

0 

x: 
a. 

c 

c 
0 

ij 

u 

0 

tu 

0 

•a 

c 

.a 

c 

-u 

0 

0 
(yi 

0 
'■J 

0 

E 
0 

0 

n 
0 

H 
•u 

-J 

0 
0 

r3  ti         ^  •=; 


Ji 

0 

.^ 

^ 

-j^ 

0 

0 

E 

^ 

0 

0 

"(J 

3 

d 

"srj 

0 

y 

T3 

c 

c 

'-t 

(-1 

_2 

•y-i 

IJ 

. 

VO 

a 

3 
0 

a. 

0 

00 

— 

a 

00 

S" 

0 

'5 

^ 

2 

f-i 

CO 

5 

'J 

\> 

D 

Ix 

"^ 

CJ 

•^ 

0 

^ 

^ 

, 

ui 

^ 

ID 

2 

■^ 

0 

i/"j 

'J 

1 

0 

0 

iC 

>4 

^o 

06 

0 

3 

c 

- 

^ 

y.j 

> 

_0 

ON 

■"3 

c 

.-3 

0 

-5 
on 

> 

0 

"  o. 


5      C 


rt  2  *■  a*  1-4  ^ 

5<  id  '^  "  n.  a 

'  _^  y^  C  V5  ?a 

,  ST  ^  o  'J  -i 

u  _  ■-'  £  c 

-j  ^  -3  o  ^ 

1;  o  -J  -'"  u  £ 


-  S   ^  ^ 

•-  2  o  2 

V  o  f^"  o 

'  o  "^  ^ 

O  r'f  Ji'  -3 

iJ  — 4    o  « 


Headquarters    for    the    Intermountain 
Forest  and  Range  Experiment  Station 
are  in  Ogden,  Utah.  Project  headquar- 
ters are  also  at: 
Boise,  Idaho 
Bozeman,    Montana    (in    cooperation 

with  Montana  State  University) 
Logan,    Utah    (in    cooperation    with 

Utah  State  University) 
Missoula,    Montana    (in    cooperation 

with  University  of  Montana) 
Moscow,  Idaho   (in  coopei'ation  with 

the  University  of  Idaho) 
Provo,    Utah     (in    cooperation    with 
Brigham  Young  University) 


FOREST   SERVICE   CREED 


The  Forest  Service  of  the  U.  S.  Department  of  Agriculture  is 
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EFFECTS  OF  SEEDBED  TREATMENT  ON  GRASS  ESTABLISHMENT 
ON  LOGGING  ROADBEDS  IN  CENTRAL  IDAHO 
W.  J.  Kidd,  Jr.,  and  11.  F.  llaupt 

INTRODUCTION 


Soils  derived  from  the  granite  of  the  Idaho  Batholith  of  central  Idaho  erode 
rapidly  when  disturbed  or  bared  by  man's  activities.   Thus,  logging  roads  needed  to 
develop  the  timber  resource  necessarily  expose  a  large  area  of  unstable  soil  to  damage 
by  erosion.   As  a  remedial  practice,  the  bared  areas  are  sown  with  perennial  grasses 
that  develop  deep,  fibrous  root  systems  capable  of  binding  and  holding  the  soil,  and 
that  also  provide  litter  cover  and  protect  the  soil  from  raindrop  splash. 

The  seeding  is  usually  done  when  logging  roads  are  "put-to-bed"  following  timber 
harvest  operations.   Either  motorized  or  hand  seeders  are  used  to  broadcast  seed. 
Usually  no  attempt  is  made  to  cover  the  seed  or  to  precondition  the  hard-packed  roadbed 
before  seeding.   The  accepted  practice  in  this  area  is  to  broadcast  a  mixture  of  seeds 
late  in  the  fall.   In  the  ponderosa  pine  areas  east  of  the  Cascades  in  Oregon  and 
Washington,  fall  seeding  is  also  the  practice,  according  to  Gjertson  (4).   The  seeds 
lie  dormant  over  winter  and  germinate  as  soon  as  snow  disappears  in  the  late  winter  or 
early  spring.   Experience  has  shown  that  spring  seeding  generally  results  in  failure 
because  the  poorly  developed  seedling  root  systems  cannot  survive  the  hot,  dry  suimiiers . 

Field  results  from  broadcasting  seed  have  varied  because  of  the  diverse  site 
conditions  associated  with  roadbeds.   Poor  stands  of  perennial  grasses  have  been  as 
common  as  good  stands.   Consequently  a  more  reliable  method  of  establishing  a  dense 
grass  cover  on  roadbeds  is  needed. 

This  paper  presents  the  findings  of  a  reseeding  study  designed  to  determine  (a) 
whether  scarifying  a  hard-packed  roadbed,  either  before  or  after  broadcasting  seed, 
leads  to  establishment  of  a  better  stand  of  grass  than  one  grown  on  an  untreated 
roadbed,  and  (b)  whether  a  wood-chip  mulch,  with  or  without  fertilizer,  further 
encourages  the  growth  of  grass.   A  secondary  objective  was  an  evaluation  of  the 
survival  of  five  well-known  perennial  grass  species  growing  on  an  extremely  harsh 
site--the  bare  surface  of  a  logging  road. 

DESCRIPTION  OF  THE  STUDY  AREA 

The  experimental  area  is  20  miles  northeast  of  Idaho  City  on  the  Little  Owl  Creek 
drainage  of  the  Boise  National  Forest.   The  elevation  ranges  from  5,000  to  6,000  feet 
and  land  slopes  are  moderately  steep,  averaging  46  percent  (5).   At  this  altitude 
ponderosa  pine  and  Douglas-fir  grow  in  mixed  stands.   The  soil,  a  coarse-textured 
loamy  sand  typical  of  the  Idaho  Batholith,  has  a  weak  profile  development,  low  humus 
content,  and  low  water-holding  capacity,  and  is  highly  credible. 

In  the  3  years  of  study,  annual  precipitation  as  measured  in  gages  within  the 
study  area,  averaged  37  inches;  of  this  amount  10.0  inches  was  received  in  the  period 
April  1  through  September  30,  which  includes  the  growing  season.   Within  the  period, 
April  and  May  rains  accounted  for  7.8  inches;  the  remaining  2.2  inches  fell  during  the 
4-month  dry  period,  June  1  through  September  30.   Compared  with  long-term  U.S.  Weather 
Bureau  records  for  the  closest  stations,  growing-season  rainfall  on  the  Little  Owl  area 
was  slightly  above  normal  for  the  three  growing  seasons  following  seeding. 


ESTABLISHMENT  OF  THE  STUDY 

Two  logging  roads,  each  1  mile  in  length,  were  selected  for  the  study.   One  road 
was  on  generally  south-facing  slopes;  the  other  on  generally  north-facing  slopes. 
Hauling  over  the  roads  had  ceased  by  October  1955,  and  earthen  cross  drains  had  been 
constructed  at  prescribed  intervals  ranging  from  50  to  100  feet;  the  interval  between 
these  cross  drains  was  designated  a  study  plot.   There  were  64  plots  per  road,  a  total 
of  128. 

The  scarification  treatments  were 

a.  No  roadbed  preparation  before  or  after  broadcast  seeding-- (control) . 

b.  Scarifying  to  a  depth  of  3  inches  with  a  spike-tooth  harrow,  after  seeding. 

c.  Scarifying  to  a  depth  of  12  inches  with  a  six-tooth  ripper  mounted  under  a 
road  patrol,  after  seeding. 

d.  Deep  scarifying  (12  inches)  as  in  (c)  above,  followed  by  seeding. 

These  treatments  were  applied  on  the  ground  in  groups  of  four  contiguous  plots  of 
each  treatment  to  minimize  vehicular  travel  back  and  forth  on  roads.   Despite  these 
precautions,  unavoidable  compaction  occurred  on  many  plots  during  the  3-week 
establishment  period  in  October-November  1955.   The  scarification  treatments  (by  blocks 
of  four  plots)  were  randomized  and  were  replicated  eight  times. 

The  grass  seed  mixture  included  five  perennials  and  a  cereal  grain  (winter  rye, 
Secale  cereale)  to  provide  temporary  litter  cover  during  the  critical  early  years  of 
perennial  grass  establishment.   The  perennials  were  two  long-lived  sod  formers, 
Manchar  smooth  bromegrass  (Bromus  inermis)  and  intermediate  wheatgrass  (Agropyron 
intermedium) ;  and  three  bunch   formers,  crested  wheatgrass  (A.  desertorum) , timothy 
(Phleum  pratense) ,  and  bulbous  bluegrass  (Poa  bulbosa) .   Although  a  shallow-rooted 
grass,  bulbous  bluegrass  had  adapted  well  to  dry  sites  in  the  Boise  National  Forest. 
The  rate  of  seeding  for  all  species  combined  was  36  pounds  per  acre,  as  listed  below: 

Species  Rate/acre 

(lbs.) 

Winter  rye  20 

Bulbous  bluegrass  2 

Standard  crested  wheatgrass  3 

Intermediate  wheatgrass  5 

Manchar  smooth  bromegrass  5 

Timothy  1 

Superimposed  upon  the  scarification  treatments  after  seeding  were  three  additional 
treatments:  (a)  fertilizer  (equivalent  to  40  pounds  of  nitrogen  plus  40  pounds  of 
phosphorus  per  acre)  broadcast  with  hand  spreaders;  (b)  wood  chips  (a  layer  about  1  inch 
thick)  produced  by  feeding  green  slash  into  a  tractor-mounted  chipper,  and  spread  over 
the  plot  manually  with  pitchforks;  (c)  fertilizer  and  wood  chips  in  combination.   On 
the  fourth  plot,  only  the  scarification  treatment  was  applied.   The  additional  treat- 
ments were  applied  randomly  to  each  group  of  plots. 


The  authors  acknowledge  the  exceUent  cooperation  from  the  Ranger's  staff  and  slash  disposal  crew 
of  the  Lowman  District,  Boise  National  Forest. 


DATA  COLLECTION 

Field  data  were  collected  July  1-17,  1957,  midway  in  the  second  growing  season. 
At  that  time  four  of  the  treatment  replications--64  plots--were  sampled  (two  replications 
on  each  aspect  road).   One  year  later,  July  1-17,  1958,  all  of  the  128  plots  were 
sampled,  although  2  weeks  before  this  sampling  began,  21  plots  on  the  south  aspect  road 
had  been  grazed  by  a  band  of  sheep  in  trespass. 

The  density  of  grass  seedlings  (live  plants  per  square  foot)  and  the  percent  of 
ground  cover  were  used  to  judge  effectiveness  of  treatment.   Sampling  in  each  plot  was 
done  on  four  permanent  72-inch  transects  staked  randomly  crosswise  to  the  axis  of  the 
roadbed--two  in  the  inboard  half  and  two  in  the  outboard  half.   A  previous  survey  found 
that  the  roadbeds  averaged  16.5  feet  in  width  (5).   The  notched  side  of  a  4-  by  72-inch 
sampling  frame  was  anchored  to  the  transect.   Live  plants  within  the  frame  were 
identified  by  species  and  counted,  after  which  the  notched  side  of  the  frame  was  used 
as  a  point  sampler  by  insertion  of  a  needlepoint  gage  at  each  notch  successively. 
Percent  ground  cover  was  estimated  from  the  number  of  basal  hits  on  live  vegetation  and 
plant  litter. 

When  plots  were  selected  for  treatment,  none  was  eliminated  to  reduce  experimental 
error  caused  by  variations  in  soil,  topography,  aspect,  and  roadbed  compaction.   It  was 
deemed  impractical  to  do  this  with  roads  built  on  irregular  terrain.   Accordingly,  site 
properties  not  common  to  every  plot  and  hence  not  measured  contributed  to  experimental 
error.   However,  site  properties  common  to  every  plot  were  indexed  empirically  if  they 
were  thought  to  be  related  to  seedling  emergence  and  establishment,  independent  of 
treatment  effects.   For  example,  the  percentage  of  each  roadbed  plot  shaded  at  noon  by 
surrounding  trees  and  topography  was  estimated,  and  later  used  in  an  analysis  of 
covariance . 

ANALYSES 

The  data  on  individual  species,  on  treatment  effects,  and  on  certain  site  properties 
were  examined  statistically  by  analyses  of  variance  and  covariance  (8). 

Some  sources  of  variation  that  either  could  not  be  measured  or  were  not  deserve 
some  discussion: 

1.  Some  seed  broadcast  in  the  fall  were  lost  through  extraneous  causes  before 
germination  in  late  winter.   Had  losses  been  uniform  from  plot  to  plot,  the  experimental 
consequences  would  not  have  been  as  serious,   [lowever,  during  the  seeding  operation 
small  mammals  were  observed  gathering  and  storing  seed  taken  from  some  road  surfaces 
but  not  from  others.   Obviously,  such  feeding  would  leave  a  nonuniform  distribution  of 
seed  in  the  roadbed  plots.   Therefore,  the  sparseness  of  plants  in  some  transects  may 
very  well  be  related  to  an  initial  lack  of  seed  and  not  to  differences  in  treatment  and 
site. 

Furthermore,  in  the  time  between  seeding  and  germination,  two  major  periods  of 
overland  flow  occurred  when  seed  may  have  been  washed  away  completeU'  or  redistributed 
within  the  plot.   The  first  such  period  was  during  the  heavy  rainstoi~ms  of  December 
19-24,  1955.   The  second  was  the  normal  snovvTnelt  runoff  in  late  March  1956. 

2.  Such  soil  properties  as  compaction,  texture,  and  fertility,  had  they  been 
defined  directly  rather  than  indexed  empirically,  might  have  explained  more  site 
variation  between  plots.   An  intensive  study  of  soil  properties  should  be  given 
consideration  in  any  new  reseeding  trials. 


3.   It  is  problematical  whether  within-plot  variation  would  have  been  better  de- 
fined by  more  intensive  sampling.   The  decision  to  use  four  transects  per  plot  was  made 
primarily  to  provide  a  suitable  workload  for  sampling  a  large  number  of  replications. 

RESULTS  OF  TREATMENTS 


Number  of  plants  of  all  species  ranged  from  1  to  33  per  square  foot  for  the  2 
years  studied.   In  1957  the  average  density  for  all  treatments  was  9.4  plants  per 
square  foot;  the  next  year  the  count  was  10.7  plants  per  square  foot  if  the  21  grazed 
plots  are  excluded,  or  8.5  plants  if  the  plots  are  included.   The  difference  in  count 
between  years  was  not  significant.   The  high  count  observed  in  the  third  growing 
season  indicates  that  the  reseeding  trial  as  a  whole  was  successful  in  establishing  an 
adequate  stand  of  grass  under  the  current  climatic  conditions.   The  reseeding  study 
was  conducted  during  a  wet  climatic  period  when  growing-season  moisture  was  probably 
quite  favorable  for  grass  establishment,  regardless  of  treatment.   Thus,  the  conclu- 
sions from  this  experiment  might  be  different  in  years  of  drought. 

This  performance  fell  below  that  reported  by  Bethlahmy  (1)  for  the  Cascade  Range 
of  Oregon.   There,  on  logging  roads,  where  precipitation  measures  110  inches  per  year, 
an  average  count  of  31  plants  per  square  foot  was  observed.   In  northeastern  Washington, 
from  adaptation  tests  of  18  forage  species  broadcast  seeded,  Evanko  (3)  found  that 
counts  ranged  from  0.2  to  22  plants  per  square  foot.   His  tests  were  not  carried  out  on 
logging  roads,  however,  but  in  ashes  of  a  freshly  burned  lodgepole  pine  stand  on  a 
shallow,  well-drained  soil  derived  from  granite. 

Table  1  gives  the  average  number  of  plants  per  square  foot  and  percent  of  ground 
cover  for  1957  and  1958  data  by  scarification  treatment,  with  and  without  wood-chip 
mulch.   This  table  shows,  for  example,  the  generally  higher  number  of  plants  on  north- 
east aspect  plots  and  on  unmulched  plots;  and  the  slight  superiority  of  the  scarify- 
and-seed  treatment  over  the  other  three.   Two  plots  representative  of  low  and  high 
average  number  of  plants  per  square  foot  are  shown  in  figures  1  and  2. 


Table  1.  Average  plant  density  and  percent  general  cover  according  to  treatment  and 

aspect.  Little  Owl  logging  road 


Scarification  and 
other  treatments  1 

:            Southwest  aspect 

Northeast  aspect 

iPlants  per  sq.ft.   ;Percent  ground 

:  1957   :   1958   :   1957   i 

cover 
1958 

Plants  per  sq.ft.   : Percent  ground  cover 
1957    !   1958    i    1957    i   1958 

Seed  (control) : 
Without  wood-chip 

mulch 
With  mulch 

Seed,  harrow: 
Without  mulch 
With  mulch 

Seed,  scarify: 
Without  mulch 
With  mulch 

Scarify,  seed: 
Without  mulch 
With  mulch 


10.3 
6.7 


10.7 
5.1 


6.5 
5.9 


10.9 
8.0 


6.9 
6.9 


10.1 
5.6 


13. 

8. 


7.0 
5.9 


7.6 
1.5 


5.2 
5.5 


8.0 
2.8 


7.3 

11.1 

5.2 

12.8 

6.1 

11.6 

5.2 

7.1 

6.2 

11.0 

5.7 

7.4 

7.5 

14.4 

5.9 

10.4 

8.6 
12.5 


9.4 
6.8 


9.0 
8.1 


11.3 
8.6 


13.0 
7.1 


8.5 
4.1 


19.8 
3.8 


16.9 
4.4 


5.8 
5.4 


6.2 

2.4 


5.5 
3.5 


4.6 
3.3 


Figures  for  treatments  combine  results  for  the  treatment  alone  and  the  treatment  plus  fertilizer. 


Figure  1 ,  --Effect  of  wheel 
compaction  on  roadbed 
plot  27.  This  plot  has 
an  average  of  six  plants 
per  square  foot. 
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Figure  2. --Roadbed  plot  76, 
north  facing  and  nearly 
level,  with  an  excellent 
stand  of  grass  averaging 
24  plants  per  square  foot. 
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SCARIFICATION 

Comparison  tests  between  scarification  treatments  and  controls  revealed  the 
results  given  in  table  2.   As  indicated,  the  deep  scarification  treatments  varied 
significantly  from  the  control  both  in  1957  and  1958.   Seeding  of  grass  prior  to  deep 
scarification  proved  less  effective  than  seeding  alone,  probably  because  the  ripping 
action  covered  some  seed  too  deeply.   On  the  other  hand,  seeding  of  grass  immediately 
following  deep  scarification  proved  to  be  a  slightly  better  method  of  increasing 
plant  density.  Postseeding  may  have  had  two  advantages:   (a)  it  allowed  loosened 
soil  material  to  slough  and  cover  seed,  and  (b)  it  permitted  surface  water  and  seed- 
ling roots  to  penetrate  easier. 

MULCH  AND  FERTILIZER 

Results  of  additional  treatments  are  shown  in  table  3.  Mulching  with  wood  chips 
had  a  depressing  effect  on  plant  density.   When  fertilizer  was  added  with  the  wood 
chips,  the  decrease  in  plant  count  was  less  than  with  wood  chips  alone,  although  the 
difference  was  not  significant.   The  use  of  fertilizer  alone  appeared  to  be  related 
to  an  improvement  in  plant  density  although,  again  the  difference  was  not  significant 
in  either  year  of  study.   Klomp  (7),  in  reseeding  scablands  in  Oregon  and  Washington, 
included  treatments  using  1/2-  and  1-inch  layers  of  wood  chips,  disked  in  and  not 
disked,  with  nitrogen  fertilizer  and  without.  He  found  that  chips  plus  nitrogen 
fertilizer  (300  lbs.  N  per  acre  per  inch  of  chips)  yielded  best  results.   This  is 
contrary  to  our  findings,  where  plots  treated  with  a  mixture  of  wood  chips  and 
fertilizer  yielded  fewer  plants  per  square  foot  (although  not  significantly  so]  than 
untreated  plots.   This  discrepancy  may  exist  because  in  our  study  a  much  smaller 
amount  of  nitrogen  fertilizer  was  applied  per  acre.   It  is  also  entirely  possible 
that  available  nutrients  from  the  small  amount  of  fertilizer  used  had  leached  out 
of  the  soil  by  the  second  growing  season,  resulting  in  a  lack  of  significant  difference 
in  growth  between  fertilized  and  control  plots. 


Table  2.   Effects  of  scarification  treatments 


Treatment 


Plants  per  sq.ft. 


1957 


1958 


Percent  ground  cover 


1957 


1958 


Broadcast  seed  (control) 
Seed,  harrow 
Seed,  deep  scarify 
Deep  scarify,  seed 


9 

.4 

10 

7 

9 

3 

12 

.2 

5 

.4** 

7 

I  ** 

13 

4* 

12 

.5* 

8.2 

12.5 

5.4 

13.6 

8.6 

11.9 

8.0 

11.2 

Comparison  with  control  significant  at  7-percent  level. 
Comparison  with  control  significant  at  5-percent  level. 


Table  3.   Effects  of  wood-chip  mulch  and  fertilizer 


Treatment 


:        Plants  per  sq . ft . 

:    Percent 

ground  cover 

;          1957    :   1958 

■               1957 

i    1958 

Control 

Wood-chip  mulch 

Fertilizer 

Mulch  and  fertilizer 


9.4 

10.7 

5.8* 

12.2 

0.6 

8.9 

7.4 

9.4 

11.5 

16.3 

3.0* 

9.6 

10.0 

12.1 

5.6* 

11.6 

"Comparison  with  control  significant  at  1-percent  level 


EFFECT  OF  SITE  VARIABLES 

Several  site  properties  affected  plant  density  in  the  2  years  of  measurement. 
Plant  density  was  related  positively  to  aspect.   The  density  of  plants  per  square 
foot  increased  as  the  roadbed  aspect  changed  from  south  to  north. 

The  amount  of  shade  cast  by  surrounding  trees  and  topography  was  related  benefi- 
cially to  plant  density,  but  not  significantly  so. 

Roadbed  compaction  caused  by  posttreatment  vehicular  trips  back  and  forth  over  the 
roadbed  had  latent  adverse  effect  on  plant  density  (see  fig.  1). 

SPECIES  PERFORMANCE 


Results  in  terms  of  seedling  establishment  for  the  six  species  are  shown  in 
table  4.   Manchar  smooth  bromegrass  and  the  two  wheatgrasses--intermediate  and 
standard  crested--produced  the  greatest  number  of  plants  per  square  foot,  almost  71 
percent  of  the  total  plant  count.   Their  establishment  percentages,  based  upon  number 
of  viable  seeds  broadcast  per  square  foot,  were  also  the  highest,  16  to  22  percent, 
indicating  that  of  the  five  perennials  tested,  these  three  grasses  appeared  to  be  best 
adapted  to  the  growing  conditions  of  the  study  area.   Interestingly,  in  1957  smooth 
bromegrass  and  winter  rye  were  more  abundant  on  the  cool,  northeast  aspects  than  on 
the  southwest  aspect.   The  southwest  aspect  was  superior  for  bulbous  bluegrass.   By 
1958,  winter  rye  had  practically  disappeared  from  the  roadbeds. 

Other  adaptability  studies  conducted  in  the  ponderosa  pine  zone  of  the  Inter- 
mountain  and  Rocky  Mountain  regions  show  Manchar  smooth  bromegrass  and  the  two 
wheatgrasses  as  being  well  suited.   Evanko  (2),  working  in  a  large  ponderosa  pine 
opening  in  northeastern  Washington,  rated  the  wheatgrasses  in  a  su])erior  group  and 
Manchar  smooth  bromegrass  in  the  next-best  group.   He  found  timothy  unsatisfactor\'  in 
all  respects,  but  rated  orchardgrass  as  good  as  the  wheatgrasses.   Johnson  and  Hull 
(6)  reported  that  intermediate  and  crested  wheatgrass,  smooth  and  meadow  bromegrass, 
Russian  wildrye,  and  big  bluegrass  out  of  82  species  tested  appeared  to  be  the  most 
vigorous  and  generally  adapted  to  central  Colorado. 
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Headquarters    for    the    Intermountain 
Forest  and  Range  Experiment  Station 
are  in  Ogden,  Utah.  Project  headquar- 
ters are  also  at: 
Boise,  Idaho 
Bozeman,    Montana    (in    cooperation 

with  Montana  State  University) 
Logan,    Utah    (in    cooperation    with 

Utah  State  University) 
Missoula,    Montana    (in    cooperation 

with  University  of  Montana) 
Moscow,  Idaho   (in  cooperation  with 

the  University  of  Idaho) 
Provo,    Utah     (in    cooperation    with 
Brigham  Young  University) 


The  Forest  Service  of  the  U.  S.  Department  of  Agriculture  is 
dedicated  to  the  principle  of  multiple  use  manageynent  of  the 
Nation's  forest  resources  for  sustained  yields  of  wood,  water, 
forage,  wildlife,  and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest  owners,  and 
management  of  the  National  Forests  and  National  Grasslands, 
it  strives  —  as  directed  by  Congress  —  to  provide  increasingly 
greater  service  to  a  growing  nation. 
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FLAiMMABILITY  OF  HERBICIDE-TRLJATEU  (^UAVA  FOLIACIi 
C.  W.  Philpot  and  R.  W.  Mutch 

Fire  is  one  of  the  most  economical  and  effective  means  of  clearing  land.   Tropical 
forests  are  difficult  to  burn,  due  to  the  adverse  environment,  rapid  decomposition  of 
dead  fuel,  and  high  moisture  content  of  the  vegetation.   Herbicide  treatments  to  kill 
the  trees  and  provide  a  more  flammable  fuel  continuum  have  been  suggested.   Such  treat- 
ment will  lower  the  moisture  content  of  the  leaves,  add  to  the  surface  fuels  if 
abscission  occurs,  and  possibly  change  the  chemical  composition  of  the  plant  material. 
We  have  determined  some  of  the  chemical  changes  and  clianges  in  f lammabi lity  of  guava 
leaves  [Psidium  guaj  ava  L.)  treated  with  2,4-U  and  2,4,5-r  in  Puerto  Rico. 

The  major  components  of  natural  fuel  are  cellulose,  usually  amounting  to  40-45 
percent  by  weight,  lignin,  50  percent,  and  hemicel luloses  ,  25  percent.   Lignin  docs  not 
undergo  pyrolysis  below  400°  C.   Above  this  temperature  the  reaction  is  quite  slow(b).'^ 
Therefore,  lignin  is  probably  not  very  important  from  a  pyrol\'tic  standpoint  although  it 
contributes  to  the  glowing  reaction.   Cellulose  makes  up  approximately  65  percent  of 
the  lignin-free  fuel,  and  its  pyrolytic  mechanisms  should  have  great  influence  on  the 
way  the  fuel  burns. 

The  pyrolysis  of  cellulose  can  be  represented  as  taking  place  along  two  pathwa\-s 
(4).   The  low  temperature  pathway  leads  to  CO,  CO2,  HoO,  char,  and  the  glowing  reaction. 
The  high-temperature  pathway  leads  to  about  30  volatiles  and  tlie  flaming  reaction  (5). 
Treatment  of  cellulose  with  inorganic  contaminants  favors  the  low  temperature  pathway 
and  a  reduction  in  flammable  volatile  production^  (2,  3).   Therefore,  inorganic  compo- 
sitional changes  in  natural  fuels  could  affect  pyrolytic  and  combustion  characteristics. 

In  addition  to  the  above-mentioned  pyrolytic  compounds,  nonp\'ro  l\'t  i  c  compounds  also 
exist  in  natural  fuels.   These  include  terpcnes,  resins,  oils,  and  waxes;  they  can  be 
quantified  by  extractive  content.   The  heat  content  of  these  extractives  is  about  8,000 
cal./g-  as  compared  to  the  fuel,  which  has  approximately  4,400  cal./g.   The  majority  of 
these  compounds  volatilize  at  temperatures  considerably  lower  than  200°  C.   Variations 
in  extractives  should  lead  to  variations  in  rate  of  energy  release  during  burning  and 
possibly  to  changes  in  rate  of  spread. 

We  measured  the  ash  content,  ether  extractives,  and  high  heat  content  of  treated 
and  untreated  guava  leaves.   The  fuels  were  then  subjected  to  thermogravimetric 
analysis  (TGA)  ,  differential  thermal  analysis  (UTA) ,  and  small-scale  burning  tests. 
This  presents  the  results  of  these  tests. 

Methods 


The   guava  was    sprayed   with    a  mixture   of    12.5    lbs.    acid   equivalent    of   2,4-U   and 
12.8    lbs.    acid   equivalent    of   2,4,5-T  per   acre.      This   was    applied   as    5   gal.    herbicide 
plus    7   gal.    diesel    oil    per   acre.      Samples    of   treated   dead    leaves,    untreated   dead    leaves, 
and    living    foliage    (designated   in   this   paper   "treated,"    "dead,"   and   "green,"    respec- 
tively)   were    collected   in   Puerto   Rico,    air-dried,    and   shipped   to   the   Northern    Forest 
Fire   Laboratory,   Missoula,   Montana. 


Numbers  in  parentheses  refer  to  Literature  Cited. 
^Shafizadeh,   F.    Pyrolysis  and  combustion  of  cellulosic  materials.    Advances  in  Carbohydrate 
Chemistry  23:  419-474,   1969.    (In  press.) 


Subsamples    were   taken,    ground   to   40  mesh,    and  used   for   analysis.      Ash   content, 
diethyl    ether   extractives,    and  high   heat    content   were   determined   using   standard 
procedures.^      Three   replications    of  DTA   and  TGA  were  performed   on   a   DuPont   Model    900 
tliermal    analyzer.      The   N2   was   99.98-percent   pure  by   voUune.      The  TGA  was    run   on    10-mg. 
samples    in   air   or  N2   at    100   cc./min.    with    a  heating   rate   of   15°    C./min.      The   DTA  was 
run   on   approximately   5-mg.    samples    in   an   N2   atmosphere,    with    flushing   at    1    liter/min. 
and  heating    at    15°    C./min.,    using   Si02   for   reference. 

A   60-g.    sample    (dry  weightj    of   the   wliole    leaves   was   burned   in   0.5-sq.ft.    circular 
fuel   beds    under   controlled   conditions.      The    combustion   facilities   have  been   described 
previously    (1).      The   dr\'-bulb   temperature   was    85°    F.    and   the   relative   humidity    22 
percent.      The   bed  was   burned  by    igniting    1   ml.    of   acetone   placed   in   the   center   of   the 
fuel.      Weight    loss   was   recorded  over  time  with   a  small   weighing  platform  connected   to 
a    10- lb . -capacity   Statham    load   cell.      The   output   was    fed  through   a  voltage   divider   and 
into   a   Bausch   and   Lomb  millivolt    recorder    (fig.    1). 


Figure  1 .- -Small  burn- 
ing test  in  controlled 
environment  using  a 
U.  5-sq.  ft.  circular 
fuel  bed. 


^American  Society  for  Testing  Materials.    D1108-56- -Ether  solubility  of  wood;  D 11 02 -56 --Method 
of  test  for  ash  in  wood;  D2015-66-  -Method  of  test  for  gross  calorific  value  of  solid  fuel  by  the  adiabatic 
bomb  calorimeter.    ASTM  Standards. 


Results 

The  results  of  the  chemical  analysis  are  presented  in  table  1.   Tlie  treated  fuel 
was  lowest  in  ether  extractives,  highest  in  ash  content,  and  lowest  in  heat  content. 
The  values  for  ash  content  of  the  dead  fuel  fell  between  tlie  treated  and  green.   The 
dead  fuel  was  highest  in  extractives  and  heat  content. 

The  TGA  and  UTA  indirectly  showed  the  treated  fuel  to  be  less  flaniniable.   The 
cellulose  endotherm  (325°  C.)  and  exotherm  (560°  C.J  on  the  UTA  were  of  the  lowest 
magnitude  for  the  treated  fuel;  the  endotherm  occurring  at  215°-22U°  C.  and  the 
exotherm  occurring  at  280°  C.  were  also  the  smallest  for  the  treated  fuel  (fig.  2). 

The  TGA  in  N2  (fig-  5)  sliowed  consistent  differences  between  the  three  fuels.  The 
treated  fuel  resulted  in  the  highest  residue  at  450°  C,  the  lowest  maximum  weiglit  loss 
rate,  and  the  smallest  weight  loss  from  200°  to  375°  C.  The  TGA  in  air  also  showed  the 
lowest  maximum  weight  loss  rate  (fig.  4)  for  the  treated  leaves.  Tlie  dead  fuel  under- 
went ignition  at  about  350°  C.,  but  the  treated  fuel  did  not  ignite  until  after  440°  C. 
However,  no  ignition  tests  were  performed  to  check  these  phenomena. 
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Figure  2.  --Results  of  DTA  for  guava  leaves  showing  relative  magTiitude  of  changes 
due  to  treatment.    Ordinate  zero  position  is  displaced  for  curve  separation. 


Table  1. --Analysis  of  guava  foliage 


Item 


Treated 


Dead 


Green 


Ash  content  (percent  dry  weight) 

Ether  extractives  (percent  dry  weight) 

Heat  content  (cal./g-) 

Extracted  fuel  lieat  content  (cal./g-) 

Ashless  residue  at  450°  C.  (TGA-N2)  (percent) 

Weight- loss  rate--niax.  (TGA-N2)  (percent) 

Weight    loss    175°-550°    (TGA-N2)    (percent) 

Weight-loss   rate--max.    during  burning    (percent) 


7.79 

6.24 

6.08 

7.60 

9.22 

8.65 

4,495 

4,656 

4,582 

4,200 

4,389 

4,345 

37.2 

35.8 

34.4 

0.38 

10.42 

0.40 

42 

44 

46 

1.55 

2.00 

1.80 
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Figure  3.  --Results  of  TGA  for  10- mg.  samples  in  N^  show  the  effect  of  fuel  treatment. 
Most  rapid  weight  loss  and  lowest  residue  may  indicate  highest  flammability. 
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Figure  4.  -  -TGA  curves  in  air  for  guava  with  an  initial  sample  of  10  mg. 


Small-scale  burning  tests  also  showed  the  treated  fuel  to  be  the  least  flarmnable. 
The  weight-loss  curves  are  shown  in  figure  5.   Maximum  and  average  weight-loss  rates 
were  lowest  for  the  treated  fuel.   The  rate  of  weight  loss  and  rate  of  energy  release 
are  presented  in  figures  6  and  7.   The  energy-release  rate  was  computed  by  multiplying 
weight  loss  and  heat  content.   Tlie  relationships  of  the  curves  in  the  two  figures  are 
not  identical  because  the  heat  content  of  each  fuel  is  different.   This  difference 
accentuates  the  differences  in  burning  rates  of  the  three  fuels.   The  assumption  that 
heat  value  remains  constant  during  burning  is  not  valid,  but  it  probably  can  be  used  in 
this  comparison  among  treatments. 

Discussion 

The  herbicide  treatment  apparently  changed  three  parameters  of  the  foliage:  the 
heat  value  decreased,  ether  extractives  decreased,  and  ash  content  increased.  These 
changes  reduce  the  flammability  of  the  treated  sample. 

The  decreased  heat  value  of  the  treated  foliage  is  due  to  a  reduction  in  the 
amount  of  ether  extractives  and  a  reduction  in  the  heat  content  of  the  extracted  fuel. 
The  average  heat  contents  of  green  and  dead  extracted  fuel  differ  by  only  44  cal./g., 
or  less  than  0.6  percent.   The  heat  content  of  the  treated  extracted  fuel  is  about  150 
cal./g.  lower  than  the  other  two.   This  difference  might  be  due  to  a  more  rapid  decom- 
position of  the  treated  foliage,  with  accompanying  reduction  in  heat  content  level. 
The  mass  change  associated  with  decomposition  would  also  help  to  account  for  the  high 
ash  content  of  the  treated  sample. 
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Figure  5.  --The  weight-loss  curve  for  the  small-scale  burning  tests. 


High  ash  content  of  the  treated  leaves  corresponded  with  a  decrease  in  the 
pyrolytic  rate  and  an  increase  in  residue,  or  a  reduction  in  volatile  production.   The 
cellulose  endotherm  and  exotherm  in  the  DTA  analysis  were  smallest  for  the  treated 
leaves.   Similar  results  are  observed  when  pure  cellulose  is  treated  with  inorganic 
contaminants  (2J .   Apparently  the  cellulose  in  natural  fuel  responds  to  treatment  in  the 
same  way  as  pure  cellulose.   However,  in  tests  of  the  treated  leaves,  the  temperatures 
at  which  pyrolysis  occurred  did  not  change  with  treatment  as  they  did  in  tests  of 
cellulose . 

The  results  of  the  small-scale  burning  tests  tended  to  agree  with  those  of  the  TGA 
curves  in  N2  and  air.   The  maximum  and  average  weight  loss  rates  and  energy  release 
rates  were  lowest  for  treated  foliage  and  highest  for  dead  foliage.   The  differences 
between  treatments  seem  to  be  greater  in  the  burning  tests.   This  could  be  due  to  the 
effects  of  the  nonpyrolytic  volatiles  on  the  combustion  rate.   Extractives  would  have 
little  effect  on  the  TGA  curves  because  they  volatilize  well  below  200°  C. 

Conclusions 


1.   Herbicide-treated  foliage  of  guava  had  a  higher  ash  content  and  a  lower  ether- 
extractive  content  than  green  leaves  or  naturally  killed  leaves. 


Figure  6.  - -The  weight- 
loss  rate  for  guava 
from  the  small-scale 
burning  tests. 
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2.   The  higher  ash  content  of  treated  leaves  affected  the  TGA  curves,  reducing  the 
weight-loss  rate  and  increasing  the  residue  at  450°  C.   This  means  less  volatiles  were 
produced  by  the  treated  fuels.   The  UTA  of  treated  leaves  showed  a  reduction  in 
endotherm  and  exotherm  intensity. 


3.  The  increase  in  ash  and/or  the  decrease  in  extractives  reduces  the  burning 
rate  of  guava. 

4.  This  study  gives  support  to  the  possibility  of  using  TGA  to  replace  the  more 
complicated  and  time-consuming  burning  tests. 

5.  Treatment  of  guava  with  2,4-U  and  2,4,5-T  does  not  increase  flammability  with 
respect  to  naturally  killed  foliage,  envirorunental  conditions  being  equal.   The  herbi- 
cides kill  the  leaves  and  reduce  their  moisture  content,  making  them  more  flammable 
than  living  leaves;  however,  no  pyrolytic  advantage  is  gained  because  of  induced 


Figure  7 .-- The  energy - 
release  rate  for 
guava  from  the  small  - 
scale  burning  tests. 
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chemical   changes.      Guava   is   probably   not   highly    flammable   in   the   first   place  because  of 
its  high  mineral    content.^     The  TGA   residues,    as    compared  to   those  of  highly   flammable 
species,    substantiate   this. 

6.  The  herbicide  probably  increases  the  decomposition  rate,  leading  to  a  higher 
ash  content  on  a  dry-weight  basis  because  of  the  mass  change.  The  extractives  may  be 
degraded  by  herbicidal   treatment    also. 


4  Philpot,  Charles  W.     Mineral  content  and  pyrolysis  of  selected  plant  materials .    U.S.D.A.   Forest 
Serv.  ,  Intermountain  Forest  and  Range  Experiment  Station.    (In  preparation.) 
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HIGHLIGHTS 

About  half  the  windows  used  in  new  single-family  homes  are 
wood,  but  this  varied  widely  among  cities,  depending  on 
geographical  location. 

Maintenance  requirements  and  performance  characteristics 
account  for  much  of  the  geographical  differences  in  the  use 
of  wood  windows. 

Builder  is  the  principal  decision  maker  in  selecting  windows 
used,  but  home  buyers  and  suppliers  influence  his  choice. 

Style  and  architecture  of  the  home  determine  the  type  of 
windows  used,  but  not  the  material. 

Appearance  of  wood  windows  is  a  major  factor  favoring 
their  use. 

The  cost  for  wood  windows  is  higher  than  that  for  aluminum 
windows  and  wood  windows  are  used  more  extensively  in 
higher  priced  homes. 

Market  outlook  for  wood  windows  depends  upon  such  factors 
as  trends  in  price  and  design  of  homes,  reduced  mainte- 
nance for  wood  windows,  and  relative  costs  of  aluminum  and 
wood  windows  „ 
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INTRODUCTION 

Millwork  products  represent  one  of  the  volume  uses  for  the  Nation's  timl)er 
resources,  particularly  soft-textured  softwoods.   In  196(J  the  millwork  industry  used 
over  1.5  billion  board  feet  of  lumber,  of  which  4b  percent  was  ponderosa  pine  and  10 
percent  other  softwoods,  such  as  white  pine,  cedar,  sugar  pine,  and  redwood.   Besides 
utilizing  some  of  the  more  valuable  species  and  grades  of  softwood  lumber,  tl-.is 
industry  generates  considerable  income  and  employment  since  multi faceted  assembling, 
shaping,  and  marketing  activities  are  involved  in  the  production  and  distribution  of 
most  millwork  products.   In  1963,  the  value  of  millwork  products  was  $1.3   billion,  an 
increase  of  21  percent  over  1958. 

An  appraisal  of  the  market  outlook  for  these  products  is  vital  to  planning  for 
both  the  industry  and  for  managers  of  timber  resources.   The  harvest  of  old-growth 
timber  and  the  regulation  of  species  and  wood  quality  in  young  stands  to  meet  the 
demand  for  wood  suitable  for  millwork  can  best  be  accomplished  when  '  expected  market 
trends  are  defined  accurately.   To  do  this,  it's  necessary  to  make  product  surveys  of 
various  segments  of  the  construction  market  in  whicli  the  millwork  industry  competes 
--doors,  exterior  siding,  cabinets,  windows,  etc.   I'his  report  presents  the  results  of 
one  such  survcy--the  current  use  of  wood  windows  in  new  single-family  dwellings. 

Wood  windows  account  for  over  10  percent  of  tlie  value  of  millwork  products. 
Between  1958  and  1963,  the  value  of  shipments  of  wood  windows  increased  only  slightly, 
whereas  the  actual  number  of  wood  windows  sold  declined.   Before  World  War  11,  most  of 
the  windows  used  in  residential  construction  were  wood,  but  during  the  1950 's  aluminum 
windows  captured  a  large  part  of  the  market.   Recently,  this  trend  has  apparently 
reversed,  for  the  use  of  wood  windows  is  increasing,  at  least  in  some  segments  of  the 
market . 

Although  no  comprehensive  data  are  available,  studies  and  estimates  indicate  that 
wood  windows  probably  comprise  about  50  to  60  percent  of  the  windows  currently  being 
installed  in  new  single-family  homes,  which  account  for  a  large  segment  of  the  total 
market  for  wood  windows.   It  should  be  borne  in  mind  that  demand  in  other  segments  of 
this  market--such  as  apartments  and  light  conuiiercial  buildings--may  be  significantly 
different  from  demand  in  the  single- family  home  market. 

This  study  pertains  only  to  windows  used  in  7,920  single-fami Iv  homes  built  either 
in  1965  or  1966,  depending  upon  which  year  the  builder  was  interviewed.   The  92  builders 
interviewed  were  all  located  in  20  cities  that  were  chosen  at  random  from  metropolitan 
areas  with  populations  over  100,000. 

The  specific  objectives  of  the  stud)'  were  to 

1.  Determine  wood  windows'  share  of  the  market  and  identify  geographic  and  other 
variations  in  their  use. 

2.  Determine  the  relative  importance  of  the  homebuilder,  home  buyer,  and  the 
supplier  in  selection  of  windows. 


as 


Identify  and  evaluate  the  importance  of  influences  on  clioice  of  windows,  such 

*  Maintenance  requirements  and  other  performance  characteristics 

*  Appearance 

*  Availability  and  suppliers'  services 

*  Style  and  price  of  home 

*  Costs 

*  Home  buyers'  preferences 


4.  Determine  the  degree  to  which  wood  windows  meet  the  more  important  market 
requirements,  and  what  changes  in  manufacturing  or  distribution  are  needed. 

5.  Appraise  the  market  outlook  for  wood  windows. 

VARIATIONS  IN  USE  OF  ALUMINUM  AND  WOOD  WINDOWS 

About  48  percent  of  all  windows  used  by  builders  in  this  study  were  wood;  the 
remaining  were  aluminum.-'   The  use  of  wood  windows  varies  geographically,  however,  as 
shown  in  figure  1.   Wood  windows  predominate  in  cities  in  the  North  and  East  and  were 
used  least  in  cities  in  the  South  and  West. 

Builders  don't  necessarily  limit  their  use  of  windows  in  a  house  to  one  material. 
In  15  percent  of  the  houses,  for  example,  builders  used  both--usually  wood  windows  on 
the  front  of  the  house  and  aluminum  on  the  sides  and  the  rear.   In  40  percent  of  the 
houses,  wood  windows  were  used  primarily;  that  is,  all  or  nearly  all  of  the  windows  in 
the  house  were  wood.   In  the  remaining  45  percent,  aluminum  windows  were  used  primarily. 

The  use  of  wood  windows  also  varies  with  the  sale  price  of  the  house.   Table  1 
shows  that  wood  windows  were  used  primarily  in  only  21  percent  of  the  houses  priced 
under  $20,000,  compared  to  57  percent  in  homes  priced  over  $30,000.   The  difference  in 
wood  window  use  between  price  classes  was  greatest  in  cities  where  neither  wood  or 
aluminum  predominate;  that  is,  where  25  to  75  percent  of  all  windows  used  were  wood. 


^ Based  on  the  percent  of  wood  and  aluminum  windows  used  by  each  builder  weighted 
by  the  number  of  houses  lie  built. 
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Figure  [.--Window  material  used  in  new  single -family  houses  in  sample  cities. 


Table  1. --Window  material  used  by  sale  price  of  the  house 

(Percent  of  houses) 


Sale  price  class  of  house 


Primary^  window 
material  in  house 


Under     $20,000-     Over     All  price 
;20,000     $30,000    $30,000     classes 


Cities  where  over  75"o  of  all  windows  were  wood^ 

Wood  86         100        100          97 

Aluminum  14          --         --           3 
Both 

Cities  where  25''o  to  75%   of  all  windows  were  wood^ 

Wood  6          40         89          36 

Aluminum  60          23         --          31 

Both  34          37         11          33 


Cities  where  less  than  25''o  of  all  windows  were  wood 


2 


Wood                      5  6  5  6 

Aluminum  95  89  93  91 

Both  --523 

All  cities 

Wood  21  46  57  40 

Aluminum  64  37  58  45 

Both  15  17  5  15 


MVood  =  all  or  nearly  all  windows  in  the  house  were  wood; 
aluminu]!!  =  all  or  nearly  all  windows  in  the  house  were  aluminum; 
both  =  l)oth  wood  windows  and  aluminuJii  windows  used. 


-See  map,  figure  1,  for  cities  sampled. 


Figure  2.  --In  moderately 
priced  homes  such  as 
this  one  under  construc- 
tion, aluminum  windows 
are  often  favored  be- 
cause their  installed 
cost  is  low  and  they 
need  no  painting. 


FACTORS  THAT   DETERMINE   BUILDERS'    CHOICE 

Builders    take   into   account   not   one  but    several    factors   when  selecting  windows   to 
use   in   their  houses.      These  vary   in   importance   among    individual   builders   as    shown   in 
the    following   tabulation. 


Most 

Second 

most 

Third  most 

Factor 

important 

important 

important 

(Percent] 

(Percent) 

(Percent) 

Appearance  and 

architectural  style 

32 

4 

15 

Purchase  price  of 

window  unit 

21 

19 

8 

Home  buyers ' 

preferences 

15 

12 

7 

Performance 

9 

19 

16 

Price  of  house 

8 

12 

4 

Maintenance  requirements 

5 

14 

16 

Installation  and 

finishing  cost 

5 

8 

7 

Availability  and 

supply  services 

1 

3 

4 

Other 

4 

5 

5 

Figui'e  3 .  -  -Wood  windows 
require  proper  paint 
maintenance.  Windows 
in  this  9 -year -old  house 
had  not  been  repainted 
since  installing,  and  the 
paint  is  now  weathered 
and  peeling. 


MAINTENANCE  AND  PERFORMANCE 

Much  of  the  geographic  variation  in  wood  window  use  can  probably  be  attributed  to 
the  maintenance  requirements  and  performance  characteristics  of  wood  windows  comjiared 
to  those  of  aluminum  windows. 


Maintenance  requirements  is  a  chief  factor  favoring  aluminum  windows.   In  cities 
where  aluminum  windows  predominate-- less  than  25  percent  wood  windows--many  builders 
commented  that  aluminum  is  "maintenance  free"  or  that  "wood  windows  need  frequent 
repainting."  These  comments  were  made  most  frequently  in  Jiot ,  dry  areas  of  the  West. 
In  cities  in  other  areas,  such  comments  were  fewer,  although  some  favored  aluminum 
because  of  the  "no  repainting"  feature,  while  others  favored  wood,  claiming  wood 
windows  were  easier  to  repair  and  adjust.   The  comments  on  window  maintenance  are 
summarized  in  figure  5. 

Wood  windows  are  favored  because  of  their  insulating  qualities  and  for  being 
condensationfree,  particularly  in  cities  where  wood  predominates  and  in  cities  where 
neither  wood  nor  aluminum  predominate  (fig.  6) .   Typical  comments  from  builders  in 
these  cities  were  that  wood  windows  are  "warmer"  or  "condensationfree"  or  that 
aluminum  windows  "are  cold,"  "weep,"  or  "frost  up."   These  factors  are  apparently  less 
important  to  builders  in  warmer  areas,  as  only  a  few  builders  in  cities  where  aluminum 
predominates  commented  on  insulation  and  condensation. 

Builders  also  commented  on  proper  fit  and  ease  of  operation  (fig.  7).   Some 
builders  feel  that  it  is  the  quality  of  the  window  and  the  weather  stripping  used  rather 
than  the  window  material  that  determines  fit  and  operation.   This  may  account  for  the 


Figure  4. --Excessive  pitch 
in  the  wood  from  which 
this  window  was  manu- 
factured caused  this 
problem  on  a  3-year-old 
house.  Note  that  paint 
on  adjacent  window  sash 
is  in  good  condition. 


fact  that  opinions  were  about  equally  divided  as  to  wood  or  aluminum  having  the 
advantage  in  fit  and  operation.   Some  builders  felt  that  wood  windows  fit  better;  other 
builders  that  large-size  aluminum  sliders  tend  to  stick  because  they  are  not  as  stout 
as  wood.   On  the  other  hand,  some  reported  that  wood  windows  stick  during  humid  weather 
and  fit  too  loosely  during  dry  spells.   In  western  cities,  builders'  concern  is  over 
dust  leakage,  whereas  in  northern  cities  it  centers  on  cold  air  leakage  during  the 
winter. 


Cities  where  under 

25%  of  windows  are  wood 


Figure  5.  - -Builders'  com- 
ments concerning 
maintenance. 


Cities  where  25%  to  75% 
windows  are  wood 


Cities  where  over 

75%  of  windows  are  wood 


53%  cited 

advantage  of  aluminum 

27%  cited 
disadvantage  of  wood 


18%  cited 

advantage  of  aluminum 

18%  cited 
advantage  of  wood 

3%  cited 

advantage  of  aluminum 

6%  cited 

advantage  of  wood 

3%  cited 

disadvantage  of  wood 


Cities  with  under 
25%  wood  windows 


3%  cited 

advantage  of  aluminum 

7%  cited 

disadvantage  of  aluminum 

3%  cited 
advantage  of  wood 


Figure  6.  -  Builders' 
c  o  m  m  e  n  t  s  c(;n- 
L'erning  insulation 
and  condensation . 


Cities  with  25%  to  75% 
wood  windows 


36%  cited 

disadvantage  of  aluminum 


4%  cited 
advantage  of  wood 


Cities  with  over  75% 
wood  windows 


Figure  7 .- -Builders' 
comments  con- 
cerning p  r o  pe  r 
fit  and  ease  of 
operation. 


47%  cited 

disadvantage  of  aluminum 

15%  cited 
advantage  of  wood 


All  cities  sampled 


9%  cited 

advantage  of  aluminum 


11%  cited 

disadvantage  of  aluminum 

1 1%  cited 
advantage  of  wood 


10%  cited 
disadvantage  of  wood 


APPEARANCE  AND  ARCHITECTURAL  STYLE 

Style  of  the  house  is  a  primary  consideration  to  builders  in  choosing  types  of 
windows--double  hung,  awning,  etc.  (table  2).   However,  since  most  of  these  window 
types  are  available  in  either  wood  or  aluminum,  house  style  does  not  directly  determine 
whether  wood  or  aluminum  will  be  used.   Uouble-hung  or  single-hung  windows  are  used 
most  often  in  traditional  (colonial,  provincial,  etc.),  ranch,  and  rustic  homes. 
Awning,  casement,  or  sliders  are  most  common  in  contemporary  houses.   No  attempt  was 
made  to  determine  how  many  houses  of  each  style  were  built. 

Table  2. --Type  windows  used  in  different  style  houses  by 

builders  sampled 

(Percent  of  builders) 


Type  window 


Traditional 


Ranch  and 
rustic 


Contemporary 


Double  hung  or  single  hung 
Awning  or  casement 
Slider 
Fixed 


92 

4 


56 
33 
11 


14 
59 

22 

5 


Figure  8.  - -Double-hung  wood  w  i  nd  o  w  s  are  favored  in  traditional  style  houses  such  as 

this  one,  called  "the  Farmhouse." 


Although  style  of  house  does  not  directly  determine  window  material,  some  builders 
favor  wood  windows  for  creating  an  "authentic"  effect  in  traditional  and  rustic-style 
houses.   About  one- fourth  of  the  builders  commented  that  wood  had  good  appearance  or 
that  aluminum  lacked  good  appearance;  most  of  these  were  in  northern  and  eastern  cities, 
However,  in  western  cities,  a  few  builders  who  used  wood  windows  indicated  they  did  so 
primarily  because  of  appearance.   One  builder  who  used  aluminum  windows  with  a  baked- 
on  white  finish  felt  these  bad  good  appearance  because  "they  look  like  wood." 

BUYERS'  INFLUENCE 

Builders  know  what  type  windows  are  preferred  in  their  markets  and  usually  plan 
accordingly.   Buyers  are  frequently  given  some  options  in  windows  to  be  installed,  but 
most  builders  indicate  that  buyers  either  "go  along"  with  the  windows  shown  in  the 
model  home  or  plans,  or  they  ask  the  builder  for  advice.   The  builder  thus  can  steer 
the  buyer  to  the  window  he  prefers.    The  options  offered  by  builders  are: 

Percent  of  builders 


Option  of  both  type  and  material 
Option  of  any  type  of  wood  windows 
Option  of  any  type  of  aluminum  windows 
Options  in  glazing,  hardware,  etc.,  but 
not  type  or  material 


35 

10 

4 


Figure  9. --Windows  are  used 
to  enhance  the  style,  ap- 
pearance, and  sales  appeal 
of  the  house.  This  wood 
window  has  a  fixed  center 
sash  flanked  by  casements 
sash  with  diamond-pattern 
grilles. 


About  one-third  of  all  the  builders  offer  buyers  the  choice  of  either  wood  or 
aluminum  windows.   In  cities  where  aluminum  windows  predominate,  wood  windows  are 
usually  offered  at  extra  cost,  or  are  limited  to  higher  priced  homes.   Several  builders 
in  cities  where  wood  windows  predominate  indicated  that  they  charge  extra  for  aluminum 
windows;  furthermore  some  told  buyers  that  they  would  not  be  responsible  for  the 
performance  of  aluminum  windows. 

About  one-third  of  builders  feature  windows  in  their  sales  promotions.   Another 
one-third  indicate  that  even  though  they  don't  specifically  base  their  sales  "pitch" 
on  windows,  they  are  careful  to  use  windows  that  create  a  good  impression  and  are 
accepted  in  the  market  area. 

In  their  selling,  builders  stress  the  strong  points  of  the  windows  they  use. 
Builders  using  wood  windows  stress  insulation,  appearance,  and  quality  (including 
brand);  builders  using  aluminum  windows  stress  low  maintenance,  and  a  few  builders 
stress  convenience  features,  such  as  insulating  glass  (no  need  for  storm  sashj  and 
snap-out  gi:-illes  (easy  cleaning). 

COSTS 


About  two-thirds  of  the  builders  indicated  that  window  costs--either  purchase 
price  or  installed  and  finished  costs--are  highly  important.   To  some  extent,  this  is 
reflected  in  type  of  windows  used:  aluminum  units,  which  generally  cost  less  than  wood, 
are  used  more  extensively  in  lower  priced  homes  where  costs  are  often  more  critical. 
However,  this  doesn't  mean  that  builders  are  using  the  lowest  cost  windows  available. 

The  average  costs  for  window  units  is  shown  in  table  3.   The  size  and  quality  of 
windows  used  varied  among  builders,  but  costs  were  made  as  comparable  as  possible  by 
not  including  combination  windows,  or  storm  sash,  screen,  insulated  glass,  and  similar 
accessories.   Costs  for  cleanup  and  callbacks  are  also  excluded  because  these  were 
reported  by  too  few  builders  to  derive  meaningful  averages. 

The  costs  of  labor  (installation  and  finishing)  varied  widely  among  individual 
builders  even  within  the  same  city.   In  part  this  is  because  of  differences  in  cost 
accounting  and  allocation  procedures.   A  more  detailed  analysis  might  alter  these 
figures.   However,  these  averages  are  useful  to  the  extent  they  indicate  what  builders 
think  their  costs  are,  which  is  significant  from  the  standpoint  of  decisionmaking  and 
opinions  on  window  costs. 


Tab  1 e  3 . - -Average  cost  of  windows  by  type  of  window  used  by  builders  in  single-family  houses 


Item 


Wood        Aluminum 
Wood    casement,  awning,   single  hung, 
double  hung      and  hopper     double  hung 


Aluminum 
Aluminum  casement,  awning 
glider       and  hopper 


Dollars 


Purchase  price 
(unit  and  trim) 

Installation 

(unit  and  trim) 

Painting 


22.96 


5.46 


6.68 


35.97 


3.90 


2.00 


19.54 


3.45 


20.09 


3.50 


21.50 


3.00 


Total  installed  cost    35.10 


41.87 


22.99 


23.59 


24.50 


Number  of  builders' 


43 


14 


17 


^Does  not  include  storm,  screen,  or  similar  accessories. 

^Indicates  number  of  builders  who  cited  their  most  commonly  used  window  unit.   Some  of 
these  did  not  provide  complete  cost  information  for  the  unit. 


Purchase  price. --The  purchase  price  of  double-hung  wood  windows  averages  about  15 
percent  higher  than  that  of  similar  aluminum  windows.   In  some  other  window  types,  the 
price  differential  is  greater.   The  difference  in  purchase  price  does  not  appear  to 
influence  most  builders'  choice  of  material,  however.   Over  one-third  of  the  builders 
cited  the  price  advantage  of  aluminum  windows  over  wood,  but  less  than  10  percent  used 
aluminum  windows  in  areas  where  wood  windows  predominate. 

Installation  and  finishing. --The  cost  of  installing  wood  windows  is  somewhat 
higher  than  that  for  aluminum.   Installing  the  trim  on  wood  windows  accounts  for  as 
much  as  half  the  total  installation  cost.   This  accounts  for  much  of  the  cost  differ- 
ence between  aluminum  and  wood  windows  since  trim  is  not  usually  used  with  aluminum. 
Aside  from  trim,  there  is  apparently  little  difference  in  installation.   Some  builders 
feel  aluminum  windows  can  be  installed  faster  than  wood  windows.   However,  other 
builders  feel  aluminum  windows  are  more  prone  to  damage  during  construction  (glass 
breakage  and  bent  frames) . 

Finishing  accounts  for  almost  20  percent  of  the  total  installed  cost  for  wood 
double-hung  windows.   The  cost  of  finishing  is  considerably  less  for  other  types  of 
wood  windows  because  they  do  not  usually  have  grilles  (bars  or  muntins)  as  do  most 
double-hung  windows. 

Preprimed  wood  units . --Builders '  opinions  on  preprimed  wood  units  vary.   The  chief 
advantage  cited  is  the  protection  provided  by  prepriming  during  construction.   The 
chief  complaints  are  that  prepriming  is  of  poor  quality--either  too  thin  or  too  chalky-- 
and  that  painters  would  not  assume  responsibility  for  paint  on  preprimed  units. 
Comments  made  by  builders  were: 
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Figure  10.  --Some  builders 
prefer  preprimed  windows 
such  as  this  one  because 
tlie  prime  coat  protects 
the  window  during  con- 
structKjn. 


Prepriming  protects   during   construction 

Preprime   of  poor  quality 

Prepriming  does   not   allow  natural   or 

stained   finish 
Prepriming  does    reduce   overall    costs 
Prepriming  does   not   reduce  overall    costs 


Percent   of  builders 


15 


AVAILABILITY  AND  SUPPLY  SERVICES 

The  choice  of  supplier  for  windows  appears  to  be  largely  a  matter  of  individual 
preference,  as  the  supply  source  u=;ed  does  not  appear  to  be  related  to  the  size  of 
the  builder's  operation  or  his  geographic  location.   The  following  tabulation  shows 
supply  sources  for  windows. 


Wood  windows 


Aluminum  windows 


Source 

Millwork  shop 

Manufacturer 

Retail  lumber  dealer 

Wholesaler 

Jobber 

Other 


(Percent) 

(Percent) 

52 

4 

26 

63 

9 

3 

2 

15 

9 

11 

2 

4 

11 


Figure  11.--  These  fixed 
windows  were  custom 
built  at  a  local  miUwork 
shop  to  fit  the  specific 
size  and  style  needs  of 
the  house.  The  sash  on 
the  right  has  patterned 
glass  that  admits  dif- 
fused light. 


Good  delivery   service,    discounts,    credit   arrangements,    and  technical   services   are 
all   part   of  the  supply  package  builders    expect    and  get    from  their  suppliers.      Most 
builders   purchase   their  windows    from  a  single   supplier  and  to   this    extent   their   choice 
of  windows    is    influenced  by  the  brands    and   types   he   carries. 

About    10  percent   of  the  builders    complained  that   there   is   a   long   delay  when 
ordering   stock  wood  windows.      This   requires   that  builders   order  their  windows   well 
ahead   of  time    (in   some   cases    30  days   or  more) .      Others   complained  that   their  supplier 
did  not   carry  a   complete   stock  of  sizes    in   the  brand  and   type  of  window  they  wanted, 
and   several   others    said   that   they  could  not   depend  on  getting  preprimed  wood  windows. 
These   few   comments   were   random  and   included  all   geographic   areas,    large   and   small 
builders,    and  several   different   types   of  suppliers. 

About  one  in  four  builders  used  some  custom-made  windows  in  their  homes.  Most  of 
these  were  custom  arrangements  of  standard  windows  (fig-  12).  Generally  the  builder's 
regular   supplier   assembled   these   custom  windows. 


Figure  12.  --Builders 
who  used  custom- 
made  windows. 


12%  custom  arrangement  of 
standard  wood  windows 

7%  nonstandard  size  wood  windows 


3%  nonstandard  size 
aluminum  windows 


2%  leaded  glass  (standard  windows) 

76%  did  not  use  custom  made 
windows 
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Figure  13.- -A  growing  market 
for  luxury  homes  such  as 
this  one  is  favorable  to  wood 
window  use.  Some  designs 
use  fixed  windows  exten- 
sively; the  portion  of  the 
house  shown  has  only  twt) 
operating  window  sash. 


MARKET  OUTLOOK 

Current  trends  in  the  home  construction  market  could  result  in  builders  making 
jasic  changes  in  their  window-buying  policies  in  the  immediate  future;  specifically 
(1)  the  continued  increase  in  the  installation  of  air  conditioning  in  single-family 
homes;  and  (2)  the  expected  growth  of  the  "luxury  home"  market.^  In  fact,  over  20  per- 
cent of  the  builders  contacted  reported  having  made  such  changes  in  the  2-year  period 
prior  to  being  interviewed.   Some,  admittedly,  involved  merely  changing  brands  or 
suppliers,  but  many  involved  window  material  and  type  or  both. 

Several  builders  reported  they  had  begun  buying  more  wood  windows  or  were  anticipat- 
ing doing  so  because  of  the  increased  demand  for  higher  priced  homes  (in  1965,  one  out 
of  eight  houses  built  was  priced  over  $37,500-3.  As  pointed  out  earlier,  wood  windows 
are  in  demand  in  higher  priced  houses. 

The  "better  insulation"  and  "less  condensation"  advantages  of  wood  windows  tie  in 
with  the  trend  toward  air  conditioning,  some  builders  noted.   However,  this  might  be 
offset  by  the  fact  that  air  conditioning  permits  the  greater  use  of  fixed  windows  and 
reduces  the  need  for  operating  windows,  which  could  alter  future  market  demands  both  in 
terms  of  number  of  windows  used  as  well  as  style  of  windows.   In  fact,  5  percent  of  tiie 
builders  interviewed  anticipate  that  they  will  be  installing  not  only  fewer  operating 
windows  but  a  fewer  number  of  total  windows  in  their  houses  as  the  more  advanced  new 
home  designs  win  greater  market  approval. 

The  growing  application  of  the  "baked-on  finish"  by  the  fabricators  of  aluminum 
products  poses  a  formidable  threat  to  the  wood  window  manufacturers'  hopes  to  retain 
their  selling  advantage  from  the  standpoint  of  "appearance."  Similarly,  these  window 
manufacturers  are  designing  greater  "insulating"  qualities  in  their  products.   In  the 
face  of  these  developments,  it  appears  that  wood  window  producers  are  confronted  with 
the  problem  of  improving  the  "maintenance"  qualities  of  their  products  and,  at  the 
same  time,  reducing  the  installed  costs.   Relative  cost  is  certain  to  have  a  greater 
weight  in  window  buying  decisions  as  differences  in  appearance  and  performance  features 
are  diminished. 


Practical  Builder  31(11)  "I'he  Luxury  Market"  Cahners  Publishing  Co.  November  1966. 
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OGDEN  /  2000 


Headquarters  for  the  Intermountain  Forest  and 
Range  Experiment  Station  are  in  Ogden,  Utah. 
Field  Research  Work  Units  are  maintained  in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with 

Montana  State  University) 
Logan,  Utah  (in  cooperation  with  Utah 

State  University) 
Missoula,  Montana  (in  cooperation  with 

University  of  Montana) 
Moscow,  Idaho  (in  cooperation  with  the 

University  of  Idaho) 
Provo,   Utah  (i  n    cooperation    with 

Brigham  Young  University) 


AFIC/HAFB/OGDEN  /  2000 


The  Forest  Service  of  the  U.  S.  Department  of  Agriculture  is 
dedicated  to  the  principle  of  multipAe  use  management  of  the 
Nation's  forest  resources  for  sustained  yields  of  wood,  water, 
forage,  wildlife,  and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest  owners,  and 
management  of  the  National  Forests  and  National  Grasslands, 
it  strives  —  as  airccted  by  Congress  —  to  provide  increasingly 
greater  service  to  a  growing  nation. 
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Large  forest  fires  are  spectacular,  usually 
destructive,  frequently  dangerous,  but  always 
exciting.  Fire  research  organizations,  particu- 
larly just  after  a  spectacular  wildfire,  are  often 
eager  to  organize  mobile  research  teams  to 
study  and  document  fire  behavior.  Unfortu- 
nately, this  approach  to  the  study  of  wildfire 
is  usually  not  very  productive.  There  are  sev- 
eral reasons  why  not. 

It  is  very  difficult  for  a  researcher  to  be  in 
the  right  place  at  the  right  time  when  severe 
fire  behavior  occurs.  Often  he  is  remotely 
located  on  the  opposite  side  of  a  situation,  or 
access  to  the  area  of  interest  is  limited  or  in- 
efficient. There  is  always  the  danger  that 
research  personnel  will  interfere  with  tactical 
activities  at  the  fire,  primarily  in  the  air. 
There  is  generally  no  effective  way  to  proper- 
ly instrument  an  area  prior  to  severe  fire  be- 
havior, simply  because  there  is  not  enough 
time  and  one  cannot  predict  precisely  when 
or  where  such  events  will  occur. 

The  Sundance  Fire  was  unique.  Early  on 
September  1,  there  was  already  a  tremendous 
concentration  of  fire  organization,  supplies, 
equipment,  and  manpower  in  the  vicinity  be- 
cause of  a  number  of  active  project  fires.  An 
additional  force  of  competent  firefighting  per- 
sonnel was  gathering  to  meet  the  expected 
need.  The  Sundance  Fire  was  being  fought  by 
State  and  local  forces  but  was  expected  to 
cause  increasing  difficulty,  and  preparations 
were  underway  to  transfer  the  fire  to  the 
U.  S.  Forest  Service.  Accumulative  weather 
buildup  was  extreme,  the  fire  had  a  4- 
mile  exposed  front,  and  the  current  weather 
was  critical.  Suddenly  the  fire  made  one  tre- 
mendous run,  increasing  in  size  by  more  than 
50,000  acres  in  one  burning  period.  Since 
there  are  communities  at  each  end  of  the  fire 
run  and  a  road  cutting  across  the  center  of  it. 


and  because  firefighting  crews  were  in  the 
Pack  River  area  preparing  for  a  possible  run  of 
the  fire,  many  observers  saw  portions  of  this 
spectacular  fire  run.  The  mere  fact  that  the 
event  was  limited  in  time  and  seen  by  many 
people  permitted  the  research  team  to  recon- 
struct some  of  its  characteristics.  Interviews 
with  fire  control  people,  local  residents,  and  a 
variety  of  other  individuals  provided  firsthand 
observational  knowledge  of  what  happened. 
Most  observations  were  subjective,  but  some 
included  measurements. 

The  Sundance  Fire  offered  a  rather  un- 
usual situation  for  analysis  and  we  think  the 
results,  as  given  in  this  paper,  have  a  great  deal 
of  value.  Nevertheless,  it  must  be  recognized 
that  similar  studies  might  only  be  redundant. 
As  long  as  studies  are  limited  by  conventional 
measuring  methods,  there  is  no  real  assurance 
that  an  organized  effort  to  chase  large  fires 
would  produce  equal  or  better  analyses.  Cer- 
tainly the  development  of  remote  sensing 
techniques  or  instrumentation  could  change 
the  picture  considerably,  and  might  allow  for 
improved  data  collection  on  wildfires.  We  be- 
lieve that  fire  analyses  are  best  when  applied 
to  special  case  fires. 

There  is,  of  course,  some  value  for  the 
scientist  to  be  gained  through  observation  of 
wildfires.  It  sharpens  his  perspective  on  the 
real  world  and  on  the  problems  he  is  facing. 
We  must  be  cautious,  however,  not  to  expect 
more  than  is  realistic  from  observing  wildfires, 
while  at  the  same  time,  we  need  to  consider 
improved  methods  for  observing  them.  This 
is  one  way  that  fundamental  and  theoreti- 
cal work  now  underway  in  laboratories  can 
be  related  to  real-life  conditions  in  the  forest. 

ARTHUR  P.  BRACKEBUSCH 

Chief  of  Northern  Forest  Fire  Laboratory 
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The  Sundance  Fire  in  northern  Idaho 
stands  as  a  giant  among  several  big  fires  in  the 
Northwest  during  the  summer  of  1967.  The 
magnitude  of  this  fire  resulted  from  a  combi- 
nation of  conditions  seldom  occurring  simul- 
taneously—a prolonged  dry  period,  persist- 
ent high  temperatures,  sustained  winds  during 
the  fire  run,  and  an  uncontrolled  4-mile  fire 
front.  These  conditions  produced  a  rapidly 
moving  fire  that  burned  over  a  large  area  and 
released  an  awesome  quantity  of  energy.  In  a 
period  of  only  9  hours  this  fire  traveled  IG 
miles,  engulfed  more  than  50,000  acres,  re- 
leased millions  of  heat  units,  snapped  and  top- 
pled hundreds  of  trees,  and  destroyed  much  of 
the  storage  capacity  of  the  watersheds. 

The  Sundance  Fire  started  its  major  run  on 
September  1,  1967,  at  approximately  2:00 
p.m.  (1400  P.d.t.)  and  by  11:00  p.m.  (2300 
P.d.t.)  it  had  completed  the  n.m.  Shortly 
after  the  major  run,  personnel  from  the 
Northern  Forest  Fire  Laboratory  were  as- 
signed to  the  fire  staff  as  fire  behavior  offi- 
cers, to  predict  fire  behavior  and  advise  the 
control  teams.  At  the  same  time,  other  NFFL 
personnel  were  assigned  to  a  research  team 
responsible  for  investigating  the  physical  phe- 
nomena of  this  fire  and  for  documenting  its 
historical  development.  Their  investigation 
was  actually  a  detective  job,  since  only  evi- 
dence remaining  on  and  near  the  burned  area, 
eyewitness  accounts,  and  records  kept  by  the 
various  agencies  were  available  for  interpret- 
ing the  events.  This  paper  presents  the  best 
estimates  of  fire  phenomena  that  could  be 
made  by  the  research  team,  using  the  available 
information.  The  progress  of  the  fire,  its  in- 
tensity, the  fuel  being  consumed,  the  attend- 
ant weather  events,  and  other  special  condi- 
tions were  analyzed  from  a  multitude  of  sepa- 


rate observations  gathered  from  both  official 
sources  and  individuals. 

When  a  forest  fire  "blows  up,"  the  people 
directly  involved  are  busy  moving  equipment, 
materials,  and  firefighters  to  new  locations,  or 
planning  new  attack  procedures,  and  their  im- 
pressions are  often  confined  to  a  single  area  or 
phase  of  the  fire's  activity.  In  reconstructing 
the  fire's  movements,  any  one  person's 
account  would  have  been  of  limited  value. 
The  magnitude  of  this  fire  was  such  that 
many  different  people  observed  it  at  many 
different  locations.  One  of  the  earliest  jobs 
for  the  research  field  team  was  to  interview  as 
many  people  as  possible  who  had  observed  or 
participated  in  the  fire  activities  on  Septem- 
ber 1.  Interviews  from  24  people  contributed 
to  the  determination  of  fire  front  location, 
rate  of  spread,  type  of  fire,  and  energy  release 
rate  at  specific  times. 

The  investigating  team  has  attempted  to 
sort  out  the  details  of  a  violently  eventful 
period  of  time  and  construct  from  them  a  co- 
herent account  of  the  phenomena  of  a  partic- 
ular fire.  A  general  conception  of  what  was 
happening  where  and  when  as  the  fire  pro- 
gressed is  necessary  to  understanding  of  the 
physical  phenomena.  Therefore  this  paper 
begins  with  a  description  of  the  geographical 
area  and  a  narrative  of  the  movement  of  the 
fire.  The  approach  to  study  of  certain  major 
factors  in  the  fire  development  is  then  ex- 
plained, and  the  values  calculated  from  the 
data  are  given  in  a  chronology  corresponding 
to  the  fire's  major  run.  A  more  detailed  dis- 
cussion of  significant  features  of  the  fire  then 
follows,  leaving  for  the  appendixes  informa- 
tion on  methods  of  calculation  and  experi- 
mental procedures  that  helped  the  investi- 
gators to  draw  their  conclusions. 
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Sundance  Mountain,  the  point  of  origin  for 
the  fire,  is  on  a  spur  off  the  Selkirk  Divide 
east  of  the  town  of  Coolin,  Idaho.  (Topo- 
graphic relationships  of  the  fire  area  are 
shown  in  figure  1 ;  see  also  the  foldout  map  at 
the  back  of  this  paper.)  The  fire  up  to  Sep- 
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Figure   1 .  —  Topographic  diagram   of  the  Sundance 
Fire  area. 


tember  1  was  confined  to  the  lower  Soldier 
Creek  (elev.  3,600  ft.)  and  Lost  Creek  (4,800 
ft.)  drainages  (fig.  2),  which  lie  west  and 
southwest  of  Sundance  Mountain.  On  Sep- 
tember 1,  it  progressed  northeast  up  to  the 
Divide,  engulfing  Jeru  Peak  (6,394  ft.)  and 
Hunt  Peak  (more  than  7,000  ft.),  and  skirting 
south  of  Gunsight  Peak  (7,357  ft.).  As  may  be 
noted  in  figure  1,  the  elevation  drops  from 
5,800  ft.  at  the  saddles  along  the  Divide  to 
3,800  ft.  on  the  Pack  River  at  the  north  edge 
of  the  fire  path  and  to  2,600  ft.  at  the  south 
edge.  Northeast  out  of  Pack  River  is  Apache 
Ridge,  running  to  the  southeast;  here  the  fire 
path  is  bounded  by  Roman  Nose  Mountain  on 
the  north  at  7,264  ft.  and  Dodge  Peak  on  the 
south  at  5,026  ft.  Northeast  of  Apache  Ridge 
the  terrain  slopes  to  the  southeast  and  is  cut 
by  the  major  drainages  of  Falls  Creek,  High- 
land Creek,  Ruby  Creek,  and  Caribou  Creek. 
The  fire  ended  its  run  near  Snow  Peak  (more 
than  4,000  ft.)  and  worked  toward  Bonners 
Ferry,  Idaho,  down  Caribou  Creek  to  an  ele- 
vation of  2,800  ft. 


Figure  2.  —  Sundance  Mountain,  looking  to  the  northeast,  with  Chase  Lake  in  foreground  and  Selkirk  Divide 
in  near  background.  Lost  Creek  is  in  center  and  Soldier  Creek  drainage  on  left  edge. 
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THE  BUILDUP 

The  fire  story  begins  in  the  months  before 
the  outbreak  itself,  in  the  buildup  of  fire 
danger  during  the  summer  of  1967.  The  fire 
season  in  northern  Idaho  developed  quite  nor- 
mally, and  in  the  first  3  months  showed  char- 
acteristics of  an  average  fire  season.  The  fire 
weather  records  of  the  Priest  River  Experi- 
mental Forest  in  northern  Idaho,  interpreted 
according  to  the  National  Fire-Danger  Rating 
System,  illustrate  the  seasonal  buildup  of  fire 
danger.  The  record  presented  in  figure  3 
shows  the  buildup  index  remaining  below  the 
previous  record  high  for  the  period  of  1954  to 
1966  until  August  11,  1967.  The  continued 
buUdup  in  1967  from  late  June  until  mid- 
September  differs  from  the  historical  pattern, 
which  has  shov^n  one  or  more  breaks  in  build- 
up during  this  period.  This  year,  day  by  day 
the  situation  became  more  serious,  and  re- 
strictions were  imposed  to  minimize  the 
hazard  of  man-caused  fires. 


Early  in  August,  a  high  pressure  zone  had 
become  deeply  entrenched  over  the  north- 
western United  States  and  was  effectively 
blocking  the  influx  of  moist  maritime  air 
from  the  west.  No  significant  amount  of  pre- 
cipitation occurred  between  August  11  and 
September  1.  In  the  62  days  from  July  10  to 
September  10,  only  0.10  inch  of  rain  was 
measured  at  Priest  River  Experimental  Forest 
from  four  different  showers.  From  August  11 
to  August  31,  the  10-day  averages  showed  the 
temperatures  were  the  highest,  the  humidities 
the  lowest,  and  the  fine  fuel  moisture  content 
the  lowest  for  the  season.  Relative  humidity  is 
estimated  to  have  been  below  35  percent  con- 
tinually for  at  least  72  hours  prior  to  the  fire 
run. 

On  August  31,  all  stations  in  northern 
Idaho  except  those  at  high  elevations  had 
buildup  indexes  rated  "extreme."  Late  on 
that  day,  a  Pacific  weather  system  was 
approaching  the  Washington  coast.  A  warning 
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Figure  3.  —  BuSdup  index  for  1967  compared  with  previous  record  high  for  period  of  1954-1966. 


was  issued  for  northern  Idaho  to  expect  in- 
creasing southwest  winds  18-25  m.p.h.  on 
September  1.  These  winds  did  increase  stead- 
ily during  the  morning  of  September  1  and 
continued  until  late  that  evening. 

THE  EARLY  DAYS  -  August  11  to  31 

This,  then,  was  the  weather  picture.  For 
the  fire  activity  preceding  the  major  run  on 
September  1,  we  have  information  from  the 
Priest  Lake  Timber  Protective  Association  and 
the  Division  of  Fire  Control,  Northern  Region, 
U.  S.  Forest  Service.  On  August  11,  a  light- 
ning storm  moved  over  the  area  causing 
five  fires  on  or  near  Sundance  Mountain. 
Three  of  the  fires  were  discovered  and  at- 
tacked on  the  11th,  and  two  were  declared 
out  that  same  day;  the  third  was  declared  out 
on  August  15.  A  fourth  fire  was  discovered  on 
August  20,  and  37  men,  including  12  smoke- 
jumpers,  brought  the  fire  under  control  that 


evening—  1830  —  with  2  acres  burned.  The 
fire  was  declared  out  on  August  25  but  was 
monitored  by  air  patrol  for  several  days. 

At  2240  on  August  23,  fire  number  5 
broke  out  near  the  Sundance  Lookout.  The 
fire  was  contained  by  the  end  of  the  day, 
August  24,  with  an  estimated  35  acres 
burned.  Suppression  activities  continued  for 
the  next  5  days.  Late  in  the  evening  of  August 
29,  at  2220,  Priest  Lake  Timber  Protective 
Association  Headquarters  near  Coolin,  Idaho, 
received  word  the  fire  had  jumped  the  line 
and  was  out  of  control.  Men  and  equipment 
were  evacuated  to  headquarters.  The  fire  was 
observed  rolling  down  the  hill  in  the  Lee 
Creek  drainage.  A  northeast  wind  had  pre- 
vailed throughout  the  day  and  it  is  assumed 
this  wind,  coupled  with  the  normal  nighttime 
downslope  currents,  resulted  in  a  wind-driven 
fire  moving  downslope.  Information  available 
from    observers    indicated    the    winds    were 


Figure  4.  -  Looking  west  at  Sundance  Mountain  after  the  fire's  night  run  toward  Coolin  on  August  29.  Lost 
Creek  in  foreground;  Soldier  Creek  on  right. 
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20-25  m.p.h.  on  the  fire,  but  there  was  calm 
at  Cavanaugh  Bay  near  Coohn.  The  ground 
and  crown  fires  were  observed  to  move  as  a 
single  front,  with  spotting  up  to  one-half  mile 
ahead.  The  main  advance  took  place  between 
2230,  August  29,  and  0200,  August  30,  which 
would  give  an  average  rate  of  spread  of  0.80 
m.p.h. 

At  0700,  August  30,  the  total  acreage 
burned  was  reported  as  over  2,000  acres.  Very 
little  enlargement  of  fire  area  occurred,  and 
there  were  only  a  few  minor  runs  in  the  after- 
noon. Both  Soldier  Creek  and  Lost  Creek 
drainages  were  now  threatened  if  the  wind 
shifted  to  the  southwest  (fig.  4).  On  August 
31,  heavy  smoke  obscured  the  fire  most  of 
the  day,  but  a  spot  fire  broke  out  across  a 
dozer  line  about  1700  and  resulted  in  an  in- 
tense burnout  of  lower  Lost  Creek.  The 
southwest  winds  were  starting  to  exert  some 
influence  judging  by  ash  fallout  reported  by 
residents  near  Naples,  Idaho,  18  miles  to  the 
northeast.  Eight  bulldozers  were  opening 
roads  in  the  McCormick  and  Jeru  Creek  drain- 
ages. 

From  this  point,  the  story  is  best  told  in 
hourly  reports  of  fire  progress,  which  can  be 
followed  on  the  foldout  map  showing  the 
fire-edge  lines.  The  hourly  progress  of  the  fire 
was  determined  from  the  eyewitness  accounts 
obtained  through  interviews.  The  approxi- 
mate time  an  individual  was  in  an  area  and 
where  he  saw  the  fire  or  the  fire  front  were 
synchronized  with  the  other  observations. 
From  this  consolidated  information,  a  coher- 
ent description  of  the  fire's  rate  of  spread  was 
developed. 

THE  MAJOR  RUN  -  September  1.  1967 

0700.  The  fire  area  had  enlarged  to  ap- 
proximately 4,000  acres  and  the  eastern  fire 
edge  extended  from  the  ridge  between  East 
River  and  Lost  Creek  north  around  Sundance 
Mountain  and  down  into  Soldier  Creek  (see 
foldout  map).  At  1010  on  September  1,  the 
U.  S.  D.  A.  Forest  Service  was  requested  to 
take  over  fire  suppression  activities  on  the 
Sundance  Fire. 

Up  to  1300.  Fire  activity  had  not  in- 
creased  significantly  as  reported  by  the  air 


patrol  observer,  who  had  flown  close  to  the 
perimeter.  A  run  along  the  ridge  between  East 
River  and  Lost  Creek  had  occurred  since  0700 
but  was  not  burning  intensely. 

1400.  The  fire  had  started  its  advance  to 
the  northeast  (see  foldout  map),  the  initial 
activity  being  in  Lost  Creek,  which  is  at  a 
higher  elevation  than  Soldier  Creek.  In  Soldier 
Creek  the  fire  moved  in  a  northeasterly  direc- 
tion along  contours  and  downslope  from  Sun- 
dance Mountain.  At  this  time  the  fire  was 
considered  to  be  a  ground  fire,  consuming 
most  of  the  brush  and  some  crown  material. 

Bulldozers  were  continuing  to  open  roads 
east  of  the  Selkirk  Divide.  Action  was  started 
to  pull  the  equipment  back.  A  fire  camp  had 
been  established  in  Pack  River  south  of  Jeru 
Creek  near  Lindsey  Creek. 

1500.  By  now  the  fire  had  increased  in  in- 
tensity, crossed  Soldier  Creek  to  the  northeast 
side,  continued  up  the  south  side,  and  reached 
the  ridgetop  in  Lost  Creek  southwest  of  Jeru 
Peak.  The  fire  was  spotting  across  the  Divide 
south  of  Jeru  Peak  and  coming  back  up  the 
east  exposure  slopes.  The  main  front  was  be- 
coming more  brush  and  crown  fire,  with  the 
bnash  controlling  spread. 

1600.  Lost  Creek  had  bunied  out  and 
spreading  had  been  stalled  by  the  Divide.  The 
fires  burning  upslope  on  the  east  side  were 
influenced  by  indraft  winds.  In  Soldier  Creek 
the  entire  front  had  become  a  crowning  fire. 
Winds  were  carrying  firebrands  across  the 
Divide  and  spot  fires  were  burning  upslope. 
Fire-induced  winds  were  approaching  80 
m.p.h.,  resulting  in  some  timber  blowdown. 
The  ground  fire  was  lagging  the  main  front 
and  the  brush  was  providing  continuity  to  sus- 
tain the  crowning  fire. 

Dozers  working  at  the  head  of  Jeru  Creek 
prepared  to  move  back  to  Pack  River.  At 
about  1600,  a  two-man  rescue  team  left  Pack 
River  fire  camp  by  pickup  truck  to  bring  out 
men  working  the  head  of  McCormick  Creek. 

1700.  The  Selkirk  Divide  slowed  the  fire 
front;  however,  firebrands  were  being  cast  to 
the  northeast.  The  ground  fire  moved  up  to 


Figure  5.  —  Convection  column  above  Sundance  Fire  looking  east,  at  1700  on  September  1 ,  1967. 


Figure  6.  -  Fire  destruction  at  mouth  of  McCormick 
Creek.  Logging  area  on  right. 


the  Divide,  meeting  the  spot  fires  burning  up 
the  east  slopes  between  Jeru  Peak  and  Hunt 
Peak.  The  convection  column  (fig.  5)  reached 
a  height  of  25,000  ft.  at  this  time  and  was 
detected  as  a  weak  echo  by  the  U.  S.  Weather 
Bureau  radar  at  Missoula,  Montana. 

The  rescue  team  had  entered  McCormick 
Creek  and  reported  the  smoke  column  was  4 
to  6  miles  wide.  The  dozers  had  moved  out  of 
the  heads  of  Jeru  and  Hellroaring  Creeks. 

1800.  During  this  period  the  fire  intensity 
decreased  as  the  small  fuel  sizes  were  con- 
sumed. The  spot  fires  on  the  east  portion  of 
the  fire  front,  being  influenced  by  the  prevail- 
ing wind,  became  consolidated  and  quickly 
developed  into  a  crowning  fire.  The  large  ad- 
vancement of  the  fire  between  1700  and  1800 
may  be  seen  on  the  foldout  map. 

The  rescue  team  paced  the  fire  while  re- 
turning to  Pack  River  after  being  blocked  by 
the  fire  in  McCormick  Creek.  As  the  rescue 
team  reached  the  mouth  of  McCormick  Creek 
(fig.  6),  they  could  see  flames  on  the  ridge 
just  southwest  of  them.  The  Roman  Nose 
lookout  could  not  see  any  fire  because  of  the 


Figure  7.  -  Blowdown  and  burnout  in  Pack  River  area. 


smoke  pall.  A  scout  had  left  the  Pack  River 
camp  and  was  at  Youngs  Creek  trying  to 
establish  radio  contact  with  the  rescue  team. 
Sometime  during  this  period,  the  fire  overran 
the  dozer  boss  and  operator  near  Fault  Lake 
at  the  head  of  McCormick  Creek.  As  the  res- 
cue team  reached  the  mouth  of  McCormick 
Creek  (fig.  6),  they  could  see  flames  on  the 
ridge  just  southwest  of  them. 

1900.  As  the  fire  front  reached  the  lower 
reaches  of  the  ridge  between  McCormick  and 
Homestead  Creeks,  it  was  slowed  by  the 
steeper  slopes,  indrafts  coming  up  and  down 
Pack  River,  and  a  suppressed  wind  effect  at 
the  lower  elevations.  The  ground  fire  was 
probably  lagging  the  main  front  with  the 
brush  controlling  spread,  but  considerable 
crowning  was  still  occurring. 

The  rescue  team  moved  down  Pack  River 
under  the  advancing  front  of  the  fire  and  met 
the  scout  at  Youngs  Creek.  Winds  were  break- 
ing boughs  and  tops  out  of  nearby  young 
timber.  Considerable  spotting  over  Pack  River 
was  observed  by  others  but  the  rescue  team 
and  scout  saw  only  one  large  firebrand.  WhUe 


at  Youngs  Creek  they  saw  fire  cross  the  road 
about  one-fourth  mUe  upriver.  They  moved 
out  toward  the  fire  camp  and  estimated  they 
were  3  to  4  minutes  ahead  of  the  fire.  Upon 
their  return  to  the  fire  camp,  radio  contact  was 
made  with  the  Roman  Nose  lookout  instruct- 
ing him  to  meet  a  pickup  truck  in  Falls  Creek. 
The  pickup  left  Sandpoint,  Idaho,  near  1900. 

2000.  Shortly  after  1900  the  fire  swept 
down  Jeru  Creek  so  that  the  entire  5-mile 
front  was  in  the  Pack  River  drainage  (see  fold- 
out  map).  For  the  next  half  hour  the  fire 
front  was  nearly  stalled  due  to  the  turbulent 
winds  created  by  indrafts  up  and  down  Pack 
River  and  down  McCormick  Creek.  Fire 
whirls  were  triggered  by  these  winds  and 
moved  randomly  in  the  area  near  the  Pack 
River  bridge  and  the  junction  of  McCormick 
Creek  and  Pack  River.  The  indrafts  and  fire 
whirls  caused  extensive  blowdown  and  tree 
breakage,  as  may  be  seen  in  figures  7  and  8. 
The  fire  activity  in  this  area  must  have  been 
similar  to  the  classical  "fire  storm"  with  its 
intense  burnout  and  associated  winds  in  a 
fixed  area. 


Figure  8.  -  Valley  fire  storm  area. 


The  Roman  Nose  lookout  had  left  the  area 
to  meet  the  pickup  in  Falls  Creek.  At  1930  he 
encountered  a  large  spot  fire  blocking  any 
further  advance  toward  Falls  Creek  and 
turned  back  to  the  lookout.  About  20  min- 
utes later  at  1950  the  entire  west  slope  of 
Apache  Ridge  appeared  to  ignite  simultane- 
ously. Observers  at  the  Pack  River  fire  camp 
stated  no  flame  was  visible  one  minute  and 
the  next  the  whole  slope  was  aflame.  The  tur- 
bulent winds,  convective  and  radiant  preheat- 
ing, and  the  firebrands  lofted  by  the  whirls 
evidently  contributed  to  the  ignition  process. 
The  fire  swiftly  moved  up  the  slope  and  devel- 
oped into  a  crowning  fire.  Rate  of  spread  ac- 
celerated as  the  fire  approached  the  ridgeline 
and  firebrands  were  cast  far  in  advance  of  the 
front.  The  convection  column  reached  an  alti- 
tude of  31,000  ft.  at  2000  (fig.  9). 

The  pickup  sent  for  the  Roman  Nose  look- 
out entered  Falls  Creek  about  1930  and  was 
buffeted  by  extremely  strong  winds  and  dust 
devils  as  he  headed  for  the  Roman  Nose  Creek 
crossing.  The  dust  devils  occurred  rather  regu- 
larly and  were  estimated  to  be  between  10 
and  25  ft.  in  diameter. 

2100.  After  sweeping  over  Apache  Ridge 
and  moving  into  Falls  and  Roman  Nose  drain- 


ages, tlie  fire  slowed.  It  was  still  a  crowning  fire, 
sometimes  with  flames  moving  horizontally 
through  the  crowns.  Between  about  2015  and 
2100,  the  lookout  observed  spot  fires  far  ahead 
of  the  front  in  Falls  Creek;  large  spot  fires  were 
also  seen  above  Roman  Nose  Lake  No.  1. 
Meanwhile  the  pickup  had  reached  Roman 
Nose  Creek  crossing.  The  driver  saw  fire  to  the 
west  and  southwest  moving  toward  him.  Upon 
turning  around  and  leaving  the  area,  he  saw 
firebrands  and  large  embers  flying  horizontally. 

At  2025,  a  spot  fire  started  at  the  mouth 
of  Snow  Creek  and  at  2045  another  started  in 
Myrtle  Creek  (see  foldout  map).  These  spot 
fires  were  at  least  10  miles  in  advance  of  the 
main  front.  In  addition,  numerous  firebrands 
were  falling  to  the  ground  at  the  intermediate 
distances.  The  spot  fires  observed  from  Black 
Mountain  burned  as  both  heading  and  backing 
fires,  and  one  was  observed  to  spread  sudden- 
ly in  all  directions,  developing  a  radial  pattern 
of  fire  spread.  At  the  same  time,  the  convec- 
tion column  rose  to  35,000  ft.  and  the  pilot 
observer  felt  it  was  continuing  to  build. 
Long-range  firebrands  were  being  transported 
by  at  least  two  possible  mechanisms: 

1.  By  being  carried  aloft  in  the  convection 
column,  then  entering  the  influence  of  the 


Figure  9.  -  Artist's  conception  of  convection  column,  then  about  31,000  ft.  high,  made  from  slide  taken  by 
jet  pilot  over  fire  near  2  000  K<s  i^f^s. . 


prevailing  vi^ind  and  falling  under  the  gravita- 
tional influence  (8)'  ; 

2.  By  being  carried  aloft  in  the  convection 
column,  then  entering  the  influence  of  a  vor- 
tex street  and  being  stabilized  in  it.  The  vor- 
tex street  moved  on  downstream  of  the  strong 
convection  column  (1).  (For  a  more  detailed 
discussion  of  this  point,  see  the  section  below 
titled  "Firebrand  Activity.") 

As  the  man  on  Roman  Nose  Lookout  re- 
treated to  a  rockslide,  where  he  stayed  until 
the  fire  had  abated  the  following  day,  a 
crowning  fire  moved  up  Zuni  Creek  out  of 
Pack  River  and  carried  over  into  Ruby  Creek. 

2200.  By  this  time  the  fire  had  moved 
from  Ruby  Ridge  into  Ruby  Creek  and  addi- 
tional spotting  occurred  on  Caribou  Ridge 
(see  foldout  map).  The  fire  front  had  become 
broken,  probably  for  several  reasons,  includ- 
ing the  facts  that  more  area  had  been  logged 
over  a  long  period  of  time,  so  little  slash  was 
present,  and  that  the  spot  fires  had  not  con- 
solidated into  a  single  front.  Hence  there  was 
poor  fuel  continuity  and  the  main  fire  front 
was  deprived  of  fuel.  Sporadic  flareups  were 
occurring,  indicating  the  meeting  of  heading 
and  backing  fires  or  burnout  of  pockets  of 

Numbers  in  parentheses  refer  to  Literature  Cited. 


fuel.    At  this  time  the  fire  was  primarily  a 
brush  fire,  with  considerable  crowning. 

2300  on  into  September  2,  1967.  The  fire 
became  more  affected  by  prior  burnout  and 
became  a  ground  fire  as  it  moved  into  Caribou 
Creek.  The  rate  of  spread  had  decreased  al- 
though some  crowning  took  place.  The  main 
front  had  become  poorly  defined  because  of 
reduced  fuel  continuity.  Nearly  60  percent  of 
the  area  could  now  be  considered  affected  by 
previous  burning. 

A  spot  fire  northeast  of  the  main  fire  zone 
was  reported  at  2345.  This  probably  resulted 
from  the  spot  fire  at  the  mouth  of  Snow 
Creek.  Various  portions  of  the  fire  became 
individual  fires  that  resulted  in  flank  increases 
and  an  occasional  minor  run.  This  type  of  be- 
havior continued  until  the  fire  was  controlled. 

Weather  conditions  continued  to  improve 
during  the  night  (see  table  2,  p.  16).  Observa- 
tions made  in  Ruby,  Highland,  and  Falls  Creeks 
at  0200  indicated  the  fire  was  cooling  down. 

One  of  the  greatest  concerns  at  this  time  was 
the  possibility  of  a  wind  shift  to  the  northwest 
or  southeast.  A  fire  front  20  mUes  wide  would 
have  resulted;  however,  the  wind  held  steady 
and  the  acreage  increased  only  slightly,  4  per- 
cent, before  control  was  achieved. 
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From  the  fire  story  told  in  the  preceding 
sect,ion,  it  is  clear  that  a  great  deal  was  hap- 
pening in  a  short  time  on  the  Sundance  Fire. 
The  investigating  team  has  analyzed  the  fire 
records  to  determine  conditions  such  as 
weather,  rate  of  spread,  fuel  loading  and  con- 
sumption, and  fire  intensity.  For  purposes  of 
comparison,  some  of  these  determinations 
will  be  presented  as  an  hourly  log  of  the  fire's 
major  run. 

WEATHER 

A  detailed  analysis  of  the  atmospheric  con- 
ditions leading  up  to  the  fire  and  through  12 
hours  after  its  run  was  made  by  the  meteoro- 
logical personnel  of  the  Fire  Laboratory.  Esti- 
mated hourly  free- atmosphere  conditions  — 
wind,  temperature,  and  humidity  —  both  pre- 
ceding and  during  the  major  run  of  the  fire, 
were  derived  for  5,000  ft.  m.s.l.  (Free- 
atmosphere  conditions  are  those  which 
would  be  experienced  at  some  height  above 
the  ground,  removed  from  surface  influences.) 

The  account  that  has  been  given  of  the 
progress  of  the  fire  has  emphasized  the  impor- 
tance of  the  weather  influences  and  has  in- 
cluded a  description  of  the  weather  preceding 
the  major  outbreak  of  the  fire.  An  illustrated 
analysis  of  the  general  weather  pattern  associ- 
ated with  the  fire  is  given  in  Appendix  2.  Bi- 
hourly  reports  on  weather  conditions  during 
the  major  run  are  given  in  the  log. 

With  regard  to  temperature,  it  should  be 
noted  that  the  quantity  of  heat  released  by 
the  fire  modified  the  reported  temperatures 
considerably  near  the  ground,  as  evidenced  by 
small  islands  of  desiccated  foliage.  On  the 
other  hand,  the  general  winds  on  the  fire  were 
probably  always  lower  than  those  calculated 
for  free-atmosphere  conditions  except  where 
accelerated  by  fire-induced  forces. 

RATE  OF  SPREAD 

It  is  evident  from  the  fire  story  given  ear- 
lier that  the  Sundance  Fire  spread  with  un- 
usual rapidity  during  certain  periods,  slowing 
somewhat  in  the  intervals.  In  the  Log  (p.  13), 
calculations  for  rate  of  spread  are  given  for 


each  hour.  These  are  average  values  corre- 
sponding to  the  time  and  distance  interval 
shown  on  the  foldout  map. 

It  is  interesting  that  the  fire-spread  indices 
based  on  the  National  Fire-Danger  Rating 
System,  averaged  for  the  stations  in  the  area, 
predicted  actual  conditions  quite  well.  This  is 
evident  from  the  following  comparison: 


August  31 
September  1 
September  2 


Predicted 
(0800) 

30 
52 
60 


Actual 
(1600) 

36 
64 
52 


FUEL  LOADING  AND  CONSUMPTION 

The  forest  burned  by  the  Sundance  Fire 
was  composed  of  mixed  conifer  stands  inter- 
spersed with  logged  areas  (fig.  10).  A  variety 
of  stand  conditions  ranging  from  young  to 
overmature  and  poorly  to  heavily  stocked 
existed  before  the  burn. 

To  determine  fuel  loading,  measurements 
were  made  on  nearby  areas  comparable  to 
those  burned,  as  well  as  on  the  burned  area 
itself.  The  fuel  complex  was  considered  to 
contain  three  levels:  ground  litter,  brush,  and 
crown  material. 

Timber  inventories  for  the  Kaniksu  Work- 
ing Circle  were  used  to  estimate  the  crown 
fuel  weight,  by  a  method  based  on  research 
done  by  Fahnestock  (3).  Data  from  the  State 
of  Idaho  indicated  that  timber  distribution  on 
private  and  public  lands  should  be  similar,  so 
the  timber  estimates  based  on  Forest  Service 
records  were  applied  to  the  whole  fire  area. 
The  average  crown  fuel  load  was  estimated  at 
2.04  tons  per  acre.  Field  measurements 
yielded  a  value  of  5.25  tons  per  acre  in  a 
heavily  stocked  stand. 

The  brush  level  was  estimated  by  field 
sampling  at  a  loading  of  2.7  tons  per  acre. 
Visual  observations  throughout  the  bum  area 
indicated  the  brush  loading  could  have  varied 
from  1  to  20  tons  per  acre,  but  the  estimated 
average  should  be  reasonable. 
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Figure  10.  —  Clearcut  logging  area  (left  foreground)  at  the  site  of  the  Sundance  Fire.  At  this  time,  on  August 
30,  the  fire  was  backing  into  Soldier  Creek  drainage. 


Ground  litter  loadings  were  obtained  from 
field  sampling  and  found  to  be  near  20  tons 
per  acre.  Again,  in  some  areas  the  loadings 
could  have  been  as  low  as  1  ton  per  acre. 

In  determinations  of  fuel  loading,  crown 
material  was  limited  to  foliage  and  branches 
under  1/8-inch  diameter,  since  field  inspec- 
tion of  residual  stems  indicated  most  of  such 
material  was  consumed.  Areas  where  larger 
material  in  the  crowns  was  burned  were  evi- 
dent, but  were  disregarded  in  the  computa- 
tions. The  maximum  size  for  brush  material 
was  set  at  one-fourth  inch,  based  on  field 
sampling. 

Ground  litter  loadings  varied  considerably, 
but  the  field-obtained  values  were  accepted  as 
representative.  The  effects  of  logging  slash 
and  its  treatment  on  the  fire's  intensity  are 
difficult  to  evaluate.  About  50  percent  of  the 
untreated  logging  slash  in  the  area  was  more 
than  8  years  old.  Most  of  the  fresh  slash  was 
at  the  southwest  end  of  the  fire  area  and  was 
burned  the  day  before  the  major  run.  Slash 


areas,  therefore,  were  not  considered  to  be 
different  from  the  timbered  areas  in  ground- 
litter  determinations. 

Details  of  the  calculations  of  fuel  loading 
are  given  in  Appendix  1,  along  with  a  descrip- 
tion of  the  measurements  of  moisture  con- 
tent. Samples  of  the  fuels  were  taken  to  estab- 
lish moisture  content  levels  in  each  stratum. 

Percentage  estimates  of  fuel  consumption 
are  given  in  the  Log,  at  approximately 
hourly  intervals.  These  percentages  are  based 
on  information  gathered  during  the  inter- 
views, research  data,  and  the  acquired  knowl- 
edge of  experienced  firefighters.  The  amount 
of  fuel  from  each  of  the  three  fuel  levels  con- 
sumed in  the  fire  front  was  estimated  after 
considering  the  terrain  and  wind  conditions, 
the  rate  of  spread,  and  the  observations  of 
eyewitnesses.  For  example,  where  the  fire 
front  is  being  carried  by  the  brush  level  at  a 
low  rate  of  spread  with  little  wind  we  might 
consider  that  90-percent  available  ground 
+95-percent    brush    +20-percent    crown   fuel 
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was  being  consumed  in  the  fire  front.  The  per- 
centages apply  to  the  size  classes  and  loading 
as  previously  described. 

Laboratory  work  (7)  has  shown  that  the 
percent  of  ground  fuel  burned  in  the  flame 
front  decreases  as  windspeed  increases.  We 
estimated  20-percent  ground  fuel  consump- 
tion in  our  calculations.  The  difference  be- 
tween this  and  the  field-determined  amount 
consumed  is  assumed  to  have  been  burned  by 
sporadic  flaming  and  glowing  combustion  fol- 
lowing passage  of  the  main  fire  front. 

INTENSITY 

Fire  intensity  values  were  calculated  and 
are  given  in  the  Log  at  hourly  intervals, 
along  with  values  for  maximum  energy  release 
from  the  total  front.  These,  too,  are  average 
values  corresponding  to  the  time  and  distance 
intervals. 

As  explained  earlier,  physical  constants  for 
loading  and  moisture  content  of  strata  were 
derived.  These  constants  established  the 
amount  of  fuel  on  the  site  that  could  contrib- 
ute energy  to  the  fire.  The  average  energy 
content  of  fuel  was  set  at  8,500  B.t.u./lb.;  the 
heat  required  to  remove  the  moisture  and 
raise  the  fuel  to  ignition  in  each  fuel  level  was 
then  subtracted  to  arrive  at  an  energy  release 
potential  (B.t.u./lb.).  Values  of  the  energy 
potential  per  unit  were  calculated  by  multi- 
plying the  loading,  corrected  to  pounds  per 
square  foot,  by  the  energy  release  potential. 


For  any  time  interval  of  interest,  the  energy 
per  unit  area  was  combined  with  the  percent 
consumption  values  to  obtain  the  energy  re- 
leased per  unit  area.  Fire  intensity  and  total 
energy  release  rate  were  calculated  by  use  of 
the  rate-of-spread  determinations  and  applica- 
tion of  laboratory  findings  for  residence  time 
(time  the  flaming  zone  exists  at  one  point). ^ 
The  physical  constants  for  the  three  fuel 
levels  are  given  in  table  1 . 

The  values  for  energy  release  rate  are  shown 
in  figure  11,  for  a  12-hour  period  that  includes 
the  fire's  major  run.  To  arrive  at  our  values, 
the  residence  time  for  the  fire-controlling  fuel 
level  was  combined  with  a  rate  of  spread  to 
establish  a  flame  depth.  The  active  combustion 
area  was  calculated  by  multiplying  the  fire 
edge  length  by  the  flame  depth.  The  combina- 
tion of  the  combustion  area  and  the  energy 
released  per  unit  area  divided  by  the  residence 
time  yielded  the  total  energy  release  rate  per 
unit  time  (B.t.u./sec). 

Fire  intensity  in  B.t.u.  per  second  per  foot 
of  fireline  (fire  edge)  was  calculated  after 
Byram  (2,  chap.  3,  p. 79).  Values  were  ob- 
tained by  combining  the  summed  energy  per 
unit  area  and  the  rate  of  spread  for  a  time 
interval.  The  fire  intensity  values  (fig.  12)  ap- 
pear reasonable  when  compared  with  the 
limits    established    by    Byram.    He    gives   an 

Anderson,  Hal  E.  Heat  transfer  and  fire  spread.  U.S.D.A. 
Forest  Serv..  Intermountain  Forest  and  Range  Exp.  Sta., 
Ogden,  Utah.  (In  preparation.) 


Table  1.  —  Estimated  fuel  constants  for  the  Sundance  Fire  area. 


Fuel 

Moisture 

Residence 

Energy  release 

Energy  per 

strata 

Loading 

content 

time 

potential' 

unit  area 

Ton/acre 

Percent 

Min. 

B.t.u./lb. 

B.t.u./sq.ft. 

Ground 

litter 

20         (max.) 

12 

1.0 

7,675 

7,060 

1         (min.) 

12 

1.0 

7,675 

384 

Brush 

2.7     (ave.) 

60 

2.0 

7,718 

957 

Crown 

5.25  (max.) 

145 

0.33 

6,773 

1,630 

2.04  (min.) 

145 

0.33 

6,773 

636 

Corrected  for  moisture  and  heat  to  ignition. 
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Figure  11.-  Rate  of  energy  release  at  fire  front  over 
a  1 2-hour  period  on  September  1 . 


Figure    12.  —  Fire   intensity  calculated   by    Byrani's 
method  for  a  12-hour  period  on  September  1 . 


upper  limit  of  30,000  B.t.u./sec.-ft.  for  lai'ge 
wildfires,  whereas  we  derived  a  value  of 
22,500  B.t.u./sec.-ft.  for  the  Sundance  Fire. 
The  values  given  here  are  only  approxima- 
tions, since  the  derived  residence  time  is  an 
estimate.  Each  level  of  fuel  and  each  size  of 
fuel  has  its  own  residence  time,  which  may  or 
may  not  overlap  that  of  the  next  size.  This 
means  residence  time  may  be  underestimated 


because  of  the  sequential  ignition  and  burn- 
out of  fuel  sizes  in  increasing  order.  This 
probability  seems  partially  verified  by  the 
nature  of  the  flame-depth  vedues,  which  were 
determined  using  the  assigned  residence  time 
and  the  deduced  rate  of  spread.  Flame  depth 
varied  from  a  minimum  of  44.0  ft.  to  a  maxi- 
mum of  264.0  ft.,  a  range  that  appears  narrow 
for  the  existing  conditions. 


FIRE  LOG  FOR  SEPTEMBER  1 

0700.  Fire  area  4,000  acres;  fire  edge  extends  from  ridge  between  East  River 
and  Lost  Creek  north  around  Sundance  Mountain  and  down  into 
Soldier  Creek. 

Weather.    Free-atmosphere  conditions  at  5,000  ft.:  Winds  14  m.p.h. 
SW;  relative  humidity  25  percent;  dry-bulb  temperature  71"  F. 

Up  to  1300.  No  significant  increase  in  fire  area.  Increased  activity  in  Lost 
Creek  showed  the  fire  front  was  becoming  more  active.  Weak  convec- 
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tion  column  over  burned  area  meant  an  increase  in  windspeed  could 
have  a  prompt  influence  on  rate  of  fire  spread  at  the  boundaries. 

Weather.   Free-atmosphere  conditions  at  5,000  ft.:  Winds  20  m.p.h. 
SW;  relative  humidity  27  percent;  dry-bulb  temperature  77°  F. 

1400.  Fire  advancing  to  northeast;  mainly  ground  fire. 

Weather.   Free-atmosphere  conditions  at  5,000  ft.:  Winds  21  m.p.h. 
SW;  relative  humidity  25  percent;  dry-bulb  temperature  78°  F. 

Rate  of  spread.  0.75  m.p.h. 

Fuels.     Main    fire    front:     20-percent    ground    +7  5-percent    brush 
+ 10-percent  crown. 

Intensity.  Maximum  energy  release  rate  from  total  front:  53  X  10^ 
B.t.u./sec;  fire  intensity:  1,000  B.t.u./sec.-ft. 

1500.  Fire  has  advanced  to  ridge  southwest  of  Jeru  Peak;  main  front  brush 
and  crown  fire. 

Weather.   Free-atmosphere  conditions  at  5,000  ft.:  Winds  24  m.p.h. 
SW;  relative  humidity  22  percent;  dry-bulb  temperature  78°  F. 

Rate  of  spread.  1.25  m.p.h. 

Fuels.     Main     fire     front:     20-percent    ground     +90-percent    brush 
+40-percent  crown. 

Intensity.  Maximum  energy  release  rate:  100  X  10^   B.t.u./sec;  fire 
intensity:  5,400  B.t.u./sec.-ft. 

1600.  Fire  at  Selkirk  Divide;  ground  fire  lagging  main  front,  brush  sustaining 
crowning  fire. 

Weather.    Free-atmosphere  conditions  at  5,000  ft.:  Winds  25  m.p.h. 
SW;  relative  humidity  20  percent;  dry-bulb  temperature  near  77°  F. 

Rate  of  spread.  1.6  m.p.h. 

Fuels.  Main  front:    10-percent  ground  +95-percent  brush  -t-80-percent 
crown. 

Intensity.  Maximum  energy  release  rate:  145  X  10*  B.t.u./sec;  fire 
intensity:  6,900  B.t.u./sec.-ft. 

1700.  Fire  moving  slowly  across  Divide;  convection  column  25,000  ft.  high. 

Weather.   Free-atmosphere  conditions  at  5,000  ft.:  Winds  29  m.p.h. 
SW;  relative  humidity  20  percent;  dry-bulb  temperature  75°  F. 

Rate  of  spread.  Less  than  1  m.p.h. 

Fuels.     Main    fire    front:     30-percent    ground    +85-percent    brush 
+ 20-percent  crown. 
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Intensity.  Maximum  energy  release  rate:  73  X  10''  B.t.u./sec;  fire 
intensity:  3,150  B.t.u./sec.-ft. 

1800.  Fire  has  advanced  on  east  front. 

Weather.  Free-atmosphere  conditions  at  5,000  ft.:  Winds  33  m.p.h.; 
relative  humidity  20  percent;  dry -bulb  temperature  73°  F. 

Rate  of  spread.  2.5  m.p.h.;  could  have  peaked  at  more  than  5  to  8 
m.p.h.,  as  measured  by  rescue  team. 

Fuels.  In  frontal  advance:  10-percent  ground  +90-percent  brush 
+95-percent  crown. 

Intensity.  Maximum  energy  release  rate:  358  X  10^  B.t.u./sec;  fire 
intensity:  11,300  B.t.u./sec.-ft.  —  highest  level  up  to  this  time. 

1900.  Fire  has  reached  ridge  between  McCormick  and  Homestead  Creeks; 
ground  fire  lagging  main  front,  brush  controlling  spread,  considerable 
crowming. 

Weather.  Free-atmosphere  conditions  at  5,000  ft.:  Winds  37  m.p.h. 
SW;  relative  humidity  21  percent;  dry-bulb  temperature  71°  F. 

Rate  of  spread.  1  m.p.h. 

Fuels.  In  frontal  advance:  6-percent  ground  +95-percent  brush 
+60-percent  crown. 

Intensity.  Maximum  energy  release  rate:  72  X  10^  B.t.u./sec;  fire 
intensity:  3,400  B.t.u./sec.-ft. 

2000.  Fire  in  Pack  River  drainage;  "firestorm";  convection  column  31,000  ft. 

Weather.  Free-atmosphere  conditions  at  5,000  ft.:  Winds  44  m.p.h. 
SW;  relative  humidity  23  percent;  dry-bulb  temperature  68°  F. 

Rate  of  spread.  6  m.p.h.  approaching  Apache  Ridge. 

Fuels.  In  frontal  advance:  6-percent  ground  +60-percent  brush 
+95-percent  crown. 

Intensity.  Maximum  energy  release  rate:  474  X  10^  B.t.u./sec;  fire 
intensity:  22,500  B.t.u./sec.-ft.  These  are  maximum  values  for  the 
entire  run. 

2100.  Fire  has  advanced  over  Apache  Ridge  and  into  Falls  and  Roman  Nose 
drainages;  convection  column  35,000  ft. 

Weather.  Free-atmosphere  conditions  at  5,000  ft.:  Winds  45  m.p.h. 
SW;  relative  humidity  28  percent;  dry-bulb  temperature  66°  F.  Wind- 
speed  as  checked  by  Roman  Nose  lookout  was  steady  at  35  to  40 
m.p.h. 

Rate  of  spread.  2.5  m.p.h. 


15 


Fuels.  In  fire  front:  4-percent  ground  +70-percent  brush  +80-percent 
crown. 

Intensity.  Maximum  energy  release  rate:  174  X  10^  B.t.u./sec;  fire 
intensity:  8,250  B.t.u./sec.-ft. 

2200.   Fire  at  Ruby  Ridge  and  Ruby  Creek;  spotting  on  Caribou  Ridge; 
broken  front;  brush  fire  with  considerable  crowning. 

Weather.  Free-atmosphere  conditions  at  5,000  ft.:  Winds  52  m.p.h. 
SW;  relative  humidity  31  percent;  dry-bulb  temperature  65°  F. 

Rate  of  spread.  1.5  m.p.h. 

Fuels.  Approximately  30  percent  of  fuel  previously  affected  by  spot 
fires;  fuel  available  to  front:  6-percent  ground  +80-percent  brush 
+70-percent  crown. 

Intensity.  Maximum  energy  release  rate:  60  X  10^  B.t.u./sec;  fire 
intensity:  3,800  B.t.u./sec.-ft. 

2300  and  on  into  September  2.  Fire  moving  into  Caribou  Creek;  main  front 
poorly  defined;  fire  cooling  down. 

Weather.  Free-atmosphere  conditions  at  5,000  ft.:  Winds  49  m.p.h. 
SW;  relative  humidity  36  percent;  dry-bulb  temperature  63°  F.  With 
the  winds  decreasing  and  the  relative  humidity  increasing,  general  con- 
ditions on  the  fire  were  improving  as  shown  in  table  2.  Winds  on  the 
fire  were  about  10  m.p.h.  in  Ruby,  Highland,  and  Falls  Creeks  at  0200. 

Rate  of  spread.  0.5  m.p.h.  or  less. 

Fuels.  In  fire  front:  6-percent  ground  +60-percent  brush  +50-percent 
crown. 

Intensity.  Maximum  energy  release  rate:  7.8  X  10^  B.t.u./sec;  fire 
intensity:  735  B.t.u./sec.-ft. 


Table  2.  —     Estimates  of  free-atmosphere  conditions  from  2200, 
September  1,  1967,  to  0600,  September  2,  1967. 


Time 

Wind  (SW) 

Relative 
humidity 

Dry-bulb 
temperature 

M.p.h. 

Percent 

°F. 

2200 

52 

31 

65 

2400 

48 

41 

61 

0200 

39 

50 

58 

0400 

31 

62 

54 

0600 

25 

71 

52 
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The  run  of  the  Sundance  Fire  and  its  end 
cannot  be  attributed  to  any  single  factor.  The 
wide  front,  dry  fuels,  and  winds  certainly 
played  major  roles  in  its  advance,  but  fire- 
brand activity  was  also  instrumental.  The  ter- 
mination of  the  run  was  influenced  by  the 
decrease  in  windspeed  and  the  increase  in 
humidity,  and  again  by  the  firebrand  activity 
that  caused  burned-out  areas  ahead  of  the 
main  front.  In  addition  the  terrain  was  sloping 
downhill  and  prior  logging  activities  had  re- 
moved part  of  the  fuel  continuity.  Like  any 
fire,  this  one  was  controlled  by  nature's  in- 
finite variety  of  conditions  and  their  combina- 
tions. The  best  we  can  do  is  assess  the  influ- 
ence of  the  obvious  variables,  estimate  their 
relative  importance,  and  attempt  to  describe 
how  the  fire  probably  responded  to  each. 

To  some  extent,  this  has  been  done  in  the 
preceding  pages.  However,  some  additioneil 
comments  may  be  helpful  with  respect  to  cer- 
tain outstanding  features  of  the  fire. 

INFLUENCE  OF  TERRAIN 
AND  WIND  ON  FIRE  SPREAD 

The  rate  of  spread  of  this  fire  was  strongly 
influenced  by  the  ten-ain  features  and  the 
wind,  singly  or  in  combination.  If  figure  13, 
showing  the  changes  in  rate  of  spread  during 
the  major  run,  is  correlated  with  the  topo- 
graphic diagram  (fig.  1),  the  windspeeds  re- 
ported in  the  Log,  and  the  foldout  map,  the 
influence  of  terrain  and  wind  may  be  clearly 
seen. 

In  Soldier  Creek  the  rate  of  fire-front  ad- 
vance can  be  attributed  to  the  slope  and  wind. 
The  upslope  terrain,  exposed  to  southwest  air- 
flow from  across  a  broad  Vcdley,  allowed  a 
crowning  fire  to  become  established  at  a 
lower  windspeed.  The  fire  probably  accel- 
erated until  it  reached  the  Selkirk  Divide 
where  it  was  slowed  by  backing  fire  from  the 
spot  fires  and  its  own  induced  winds. 

Down  into  Pack  River  along  McCormick 
Creek  and  Homestead  Creek  the  wind  was 
strong  enough  to  push  a  crowning  fire  down- 


slope.  However,  at  the  lower  elevations  the 
winds  had  less  effect,  the  slopes  became  more 
steep,  and  indrafts  countered  the  surface  wind 
so  the  fire  moved  at  a  slower  rate. 

The  sharp  increase  in  rate  of  spread  over 
Apache  Ridge  can  be  attributed  to  preheating 
of  fuel,  spotting,  upslope,  and  movement  of 
the  front  into  the  wind's  influence.  Massive 
spotting  and  high  winds  advanced  the  fire 
through  Falls  Creek.  The  fire  moved  on  to 
lower  elevations  where  the  winds  were  not  so 
effective  and  in  some  areas  backing  spot  fires 
developed  a  firebreak  that  slowed  the  spread. 

In  addition  the  relative  humidity  rose 
above  30  percent  toward  the  end  of  the  run 
and  may  have  prevented  some  spotting 
activity.  Experience  indicates  that  spotting 
tends  to  diminish  when  relative  humidities 
rise  above  30  percent. 

BLOWDOWN 

The  extent  of  timber  blowdown  prompted 
an  investigation  of  the  probable  indraft  maxi- 
mum in  selected  areas.  Work  caiTied  out  by 
Lommasson  (5)  on  mass  fires  or  fire  storms 
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Figure    13.  -  Rate  of  fire  spread  during  a   12-hour 
period  on  September  I . 
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Figure  1 4.  —  Blowdown  in  Falls  Creek  area. 


has  provided  a  means  of  estimating  indraft 
winds.  His  equation  also  provided  the  means 
of  determining  whether  our  values  for  flame 
depth  and  energy  release  were  reasonable  or 
not.  The  equation  is 

/  ^    ''^ 

(88X10-3)  i^L 


Vw  = 


where 


V^  =  windspeed,  m.p.h. 


dErj 

"dt 


=  total  energy  release  rate,  B.t.u./sec. 


A  =  combustion  area,  sq.  miles. 

Values  for  four  areas  where  blowdown  was 
evident  in  aerial  photographs  (fig.  14)  were 
tested  with  this  equation: 


Up  Soldier  Creek 
Down  Upper 

McCormick  Creek 
Over  Apache  Ridge 
Across  Falls  Creek 


V^  =  80  m.p.h. 

V^  =  95  m.p.h. 
V^  =  96  m.p.h. 
V^  =  80  m.p.h. 


It  has  been  generally  estimated  that  winds  in 
excess  of  80  m.p.h.  are  needed  to  cause  blow- 
down.  Owen  Cramer  of  the  U.  S.  D.  A.  Forest 
Service,  Pacific  Northwest  Station,  after  view- 
ing slides  of  the  damage,  informally  estimated 
the  winds  to  be  near  120  m.p.h.  The  agree- 
ment of  our  values  with  other  estimates,  con- 
sidering the  extrapolations  we  used,  encour- 
ages continued  efforts  to  develop  theories  and 
mathematical  descriptions  of  field-observed 
phenomena. 

FIREBRAND  ACTIVITY 

Firebrands  and  spotting  were  evident 
throughout  the  fire  run  and  are  believed  to 
have  played  an  important  role  in  the  fire's 
behavior.  From  the  pattern  of  rate  of  spread 
and  the  record  of  reported  fires,  it  was  ap- 
parent that  firebrand  material  had  been  car- 
ried 10  to  12  miles  in  advance  of  the  main  fire 
front.  Much  debris  was  found  northeast  of  the 
fire  area  (fig.  15)  in  the  form  of  moss  and 
lichen  strands  or  wreaths,  larch  and  hemlock 
cones,  needles,  cedar  fronds,  branches  the  size 
of  a  pencil,  and  pieces  of  bark  up  to  4V2 
inches  long  and  IV2  inches  wide.  The  fallout 
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Figure  15.  -  Debris 
and  possible 
firebrand  material 
found  at  Bonners 
Ferry  airport, 
September  1,  1967. 
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of  this  debris  was  widespread  over  the  area 
northeast  of  the  fire.  Much  of  it  was  scorched 
or  blackened  but  the  particles  had  not  burned 
to  completion.  Neither  had  they  successfully 
ignited  their  surroundings.  Reports  of  burning 
material  falling  near  residences  in  the 
Kootenai  Valley  were  received  but  none  of 
this  material  was  positively  identified  as  burn- 
ing when  it  landed. 

What  kmd,  size,  and  shape  of  burning 
material  could  most  likely  have  been  carried 
such  distances?  Work  done  in  Spain  by  Tarifa 
(8)  was  examined.  He  investigated  the  flight 
paths  of  spheres,  cylinders,  and  rectangular 
plates  and  their  burning  characteristics  to 
determine  the  lifetime  of  firebrands  and  the 
probable  range.  Various  species  of  wood  were 
used  and  some  study  was  made  of  pine  cones 
and  charcoal  elements. 

In  studying  his  results,  we  found  that 
wood  elements  would  have  to  be  large  and 
carried  quite  high  in  the  convection  column 
to  have  a  10-mile  range.  The  burning  process, 
according  to  Tarifa,  is  glowing  combustion, 
not  flaming.  Flaming  firebrands  existed  only 
at    low    windspeeds.    Charcoal    brands    have 


much  longer  burning  times  than  any  of  the 
woods  or  natural  firebrands.  Pine  cones  burn 
much  like  wood  once  the  scales  have  burned 
off. 

For  our  study  we  had  an  estimate  of  the 
wind  and  the  distance  the  brands  had  to 
travel.  We  calculated  the  drag  coefficient,  ter- 
minal velocity,  and  mean  velocity  of  fall  for 
four  types  of  brands:  (a)  a  charcoal  sphere,  1 
inch  in  diameter;  (b)  a  charcoal  cylinder,  1.75 
inches  long  and  0.6  inch  in  diameter;  (c)  a  flat 
charcoal  plate,  1.1  inches  square  and  0.43 
inch  thick;  and  (d)  a  pine  cone  about  3.75 
inches  long  and  2.2  inches  in  diameter.  We 
used  the  techniques  presented  by  Tarifa  to 
calculate  the  maximum  flight  time  possible 
for  each  brand.  This  we  considered  as  the 
time  the  brand  would  remain  burning;  thus 
the  particle  would  have  to  reach  the  ground 
within  this  time  period  to  ignite  other  mate- 
rial. From  the  mean  velocity  of  fall  and  time 
of  flight,  we  could  calculate  the  height  at 
which  a  particle  of  the  given  size  must  be 
cast  --  that  is,  the  ejection  altitude.  In  turn, 
we  could  then  calculate  the  vertical  velocity 
in  the  convection  column  required  to  carry 
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Figure    16.  -  Range  of  various  types  of  firebrand 
material. 

the  brand  to  the  proper  height.  The  results  of 
these  calculations  are  shown  in  figure  16. 

Any  of  the  charcoal  brands  could  have 
traveled  the  10  to  12  miles  in  a  glowing  state, 
whereas  the  pine  cone  could  have  transported 
fire  up  to  7  miles.  With  a  convection  column 
developing  to  over  31,000  feet,  it  appears 
reasonable  that  vertical  velocities  of  45  m.p.h. 
would  have  existed  and  material  could  have 
been  carried  to  altitudes  over  18,000  feet  in 
the  convection  column.  Winds  of  44  m.p.h.  or 
greater  did  exist  and  could  have  carried  the 
brand  once  it  tumbled  out  of  the  column. 

This  method  of  firebrand  transport  appears 
quite  reasonable  but  other  possibilities  do 
exist.  Currently  under  investigation  is  the  pos- 
sibility that  moving  vortices  are  generated  by 
the  fire  and  prevailing  wind.  The  swirling  air 
or  vortices  would  move  on  downstream  carry- 
ing firebrands  and  debris  with  them.  The  in- 
tensity and  range  of  these  vortices  would 
depend  on  the  amount  of  heat  "pumped" 
into  them  by  the  fire  and  strength  of  the 
wind.    Particles  carried  aloft  would  tend  to 


either  stabilize  within  the  vortex  or  centrifuge 
out.  Particles  with  low  drag  configurations 
(fig.  15)  would  tend  to  stabilize,  and  as  the 
vortex  street  dissipated  far  downstream  of  the 
convection  column,  the  suspended  debris 
would  "touch  down"  (1). 

Several  behavior  characteristics  noted  by 
the  people  interviewed  support  this  possibil- 
ity. It  has  been  stated  earlier  that  the  pickup 
man  for  the  Roman  Nose  lookout  encoun- 
tered very  intense  winds  and  what  he  de- 
scribed as  "dust  devils"  in  Falls  Creek  ahead 
of  the  fire.  The  occurrence  of  these  dust 
devUs  was  periodic.  The  same  man  encoun- 
tered similar  winds  later  in  the  Snow  Creek 
area.  The  lookout  on  Black  Mountain  ob- 
served a  spot  fire  which  fanned  out  in  all 
directions  in  a  circular  manner.  The  tree- fall 
pattern  in  Falls  Creek  suggests  the  trees  fell 
toward  the  centerline  of  the  fire  path  from 
each  side.  These  pieces  of  evidence  have  en- 
couraged the  investigation  of  the  potential  ef- 
fectiveness of  this  phenomena  (1). 

FIRE  ACTIVITIES  IN  PACK  RIVER 

The  Pack  River  area  has  received  the 
greatest  attention  by  the  news  media  because 
of  its  accessibility,  the  obvious  destructive 
forces  associated  with  the  fire,  and  the  dra- 
matic burning  of  the  Pack  River  bridge.  This 
area  was  surveyed  by  the  research  team  in  an 
attempt  to  localize  the  forces  the  fire  exerted; 
however,  these  forces  appear  to  have  been  so 
dynamic  and  fluctuating  that  the  evidence  re- 
maining is  not  coherent. 

Shortly  before  the  fire  entered  this  area  we 
know  men  near  the  river  felt  very  little  wind 
but  could  hear  it  overhead.  Yet  trees  that  had 
toppled  into  the  river  had  green  unscorched 
boughs  underwater  and  burned  limbs  above 
water.  This  indicated  that  strong  winds  were 
present  in  the  valley  bottom  very  shortly  be- 
fore the  fire  arrived,  or  before  the  fire  ignited 
the  crown  material.  Some  downed  trees 
showed  no  signs  of  burning  on  the  underside, 
although  the  upper  side  was  charred. 

Winds  of  different  magnitudes  and  direc- 
tions may  be  inferred  from  the  pattern  of 
blowdown  and  breakage.  The  tops  of  many 
trees  were  snapped  out  either  by  a  sudden 
sharp  rush  of  air  or  from  whipping  back  and 
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forth,  while  a  great  many  trees  fell  under  the 
force  of  a  strong,  sustained  high  wind.  The 
trees  with  snapped  tops  were  generally  less 
than  2  ft.  d.b.h.,  whereas  those  that  fell  were 
somewhat  larger.  Tops  were  snapped  off  at  a 
nearly  uniform  height  of  60  to  75  feet  at  a 
diameter  of  approximately  1.0  foot.  Across 
open  reaches  along  Pack  River  below  the 
bridge  the  trees  fell  to  the  north  or  northeast, 
but  at  the  mouth  of  McCormick  Creek  trees 
were  blown  to  the  east  and  southeast.  Above 
McCormick  Creek  some  blowdown  was  to  the 
south  and  southwest. 

All  of  these  clues  suggest  strong  erratic 
winds  just  before  the  fire  and  the  presence  of 
strong  fire  whirls  building  and  collapsing  ran- 
domly in  the  area  surrounding  the  Pack  River 
bridge  (fig.  17). 

The  sequence  of  events  leading  to  the 
destruction  of  the  bridge  was  also  examined. 
The  fire  burned  out  both  approaches  and  left 


the  center  span  intact  with  some  of  its  paint 
hardly  scorched.  The  metal  plate  treads  on 
the  approaches  were  found  draped  from  the 
concrete  piers  to  the  ground,  indicating  that 
as  the  wooden  stringers  and  decking  col- 
lapsed, temperatures  had  reached  1,200°  F. 
This  temperature  level  is  not  unusual  in  a  fire. 
Laboratory  tests  showed  the  design  of  the 
approaches  provided  sustained  combustion  in 
the  space  between  stringers,  and  the  ap- 
proaches could  have  continued  burning  after 
the  main  fire  had  passed.  The  burning  period 
probably  extended  over  many  hours  until  the 
decking  broke  up  and  the  stringers  collapsed. 
Then  an  increase  in  heat  occurred  as  the  mate- 
rial pUed  up  on  the  ground,  resulting  in  a  peri- 
od of  flaming  combustion  followed  by  a  long 
period  of  glowing  combustion.  Both  types  of 
burning  contributed  to  the  spalling  of  the  con- 
crete piers.  Additional  information  on  the 
Pack  River  bridge  is  provided  in  Appendix  3. 


Figure  17.  -  Fire  destruction  at  Pack  River  Bridge. 
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The  spectacular  run  of  the  Sundance  Fire 
on  September  1,  1967,  appears  to  have  been  a 
result  of  the  combination  of  dry  fuels  from  a 
sustained  drought,  low  humidities  for  over  72 
hours,  increasing  winds  sustained  for  a  period 
of  9  hours,  and  a  4-mile  active  fire  front  exist- 
ing on  the  morning  of  September  1.  The  fire 
advanced  16  miles  in  9  hours  and  created  spot 
fires  10  to  12  miles  northeast  of  the  place  of 
origin.  Spotting  activity  increased  during  the 
day,  reaching  a  maximum  intensity  during  the 
period  of  highest  winds  in  the  late  afternoon. 
Whereas  spot  fires  early  in  the  day  contrib- 
uted to  the  fire  spread,  late  in  the  day  a  multi- 
tude of  firebrands  created  fuel  voids  leading 
to  the  breakdown  of  the  main  front  and  con- 
tributing to  the  fire's  termination.  Other 
factors  influencing  the  decreasing  rate  of 
spread  were  the  increasing  humidity  after 
2200,  the  decreasing  wind  after  2200,  the 
downslope  direction  of  burning,  and  to  some 
degree  the  disruption  of  fuel  continuity  due 
to  prior  logging  activities  in  the  area. 

The  average  rate  of  spread  ranged  from  1 
to  6  m.p.h.  with  brief  periods  of  spread  rates 
having  higher  or  lower  values.  The  fire  inten- 
sity built  up  to  22,500  B.t.u./sec.-ft.  of  fire 
front  and  was  releasing  nearly  500  million 
B.t.u./sec.  A  convection  column  rose  to 
35,000  ft.  Extensive  firebrand  activity  and 
debris  were  transported  from  the  fire.  These 
brands  were  either  lifted  as  high  as  18,000  feet 
and  transported  by  the  wind  or  carried  in 
vortices  produced  by  the  wind  blowing 
around  the  convection  column.  Fire-induced 
winds  could  have  been  greater  than  95  m.p.h., 
and  caused  the  extensive  tree  blowdown. 

Fire  buildup  indices  rated  the  conditions  as 
"extreme"  and  spread  indices  forecast  agreed 
reasonably  with  actual  conditions.  The  aver- 
aged spread  index  for  September  1  was  "very 


high"  and  when  combined  with  a  buildup 
index  of  "extreme"  produced  a  rating  of  "ex- 
treme fire  danger."  The  National  Fire-Danger 
Rating  System  Handbook  describes  it  as: 

EXTREME.  —  F/res  under  extreme  condi- 
tions start  quickly,  spread  furiously,  and  burn 
intensely.  All  fires  are  potentially  serious. 
Development  into  high  intensity  burning  will 
usually  be  faster  and  occur  from  smaller  fires 
than  in  the  very  high  danger  class.  Direct  at- 
tack is  rarely  possible,  and  may  be  dangerous, 
except  immediately  after  ignition.  Fires  that 
develop  headway  in  heavy  slash  or  in  conifer 
stands  may  be  unmanageable  while  the  ex- 
treme burning  condition  lasts.  Under  these 
conditions  the  only  effective  and  safe  control 
action  is  on  the  flanks  until  the  weather 
changes  or  the  fuel  supply  lessens. 

This  very  aptly  described  the  Sundance 
Fire.  The  present  rating  system  estimated  the 
conditions  properly  and  provided  warnings  of 
what  could  be  expected. 

This  analysis  of  the  Sundance  Fire  did  not 
reveal  any  phenomena  incompatible  with 
existing  knowledge  and  principles.  The  exten- 
sion of  laboratory  findings  and  theoretical 
developments  to  a  field  situation  resulted  in 
estimates  of  burning  rates,  fire  intensities, 
firebrand  ranges,  and  induced  windspeeds 
which  are  realistic.  Evidence  of  various  phe- 
nomena gathered  during  this  study  has  height- 
ened interest  in  additional  research  that  will 
provide  fuller  explanations  of  such  items  as 
vortex  generation,  firebrand  propagation,  and 
spot  fire  ignition  characteristics.  The  research 
people  assigned  to  this  study  have  gained  valu- 
able experience  and  we  hope  our  interpreta- 
tions will  be  useful  and  informative  to  other 
research  and  fire  control  personnel. 
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FUEL  DETERMINATIONS 
USED  IN  THE  ANALYSIS 


As  stated  in  the  text,  the  fuel  complex  on 
the  55,910  acres  burned  by  the  Sundance  Fire 
was  divided  into  three  levels:  giound  litter, 
brush,  and  crown  material.  The  crown  mate- 
rial consumed  was  composed  of  foliage  and 
branches  under  1/8-inch  diameter  based  on 
observations  made  in  the  field.  The  brush 
level  quantity  was  field  sampled  and  the  maxi- 
mum size  involved  in  the  fire  front  was  set  at 
one-fourth  inch.  The  ground  litter  was 
sampled  in  the  field  at  two  locations  and 
visual  estimates  were  made  throughout  the 
area.  Because  of  findings  in  laboratory  work 
on  fuel  consumption,  the  quantity  of  the 
total  litter  fuel  involved  in  the  front  was  set  at 
20  percent. 

The  crown  weights  were  calculated  on  the 
basis  of  timber  inventories  made  by  the 
U.  S.  D.  A.  Forest  Service.  An  assumption 
that  State  and  private  lands  contain  about  the 
same  variety  of  timber  types  was  made  after 
information  received  from  agencies  in  Idaho 
had  been  reviewed.  The  number  of  acres  occu- 
pied by  each  cover  type  on  Forest  Service 
land,  based  on  the  1961  forest  inventory,  is 
as  follows: 


Cover  type 

Larch 
Alpine  fir 
Spruce 
Hemlock 
Douglas- fir 
White  pine 
Cedar 

Lodgepole  pine 
Ponderosa  pine 

Total 


Trees  5  inches 

d.b.h.  and  above 

Acres 

4,924 
3,636 
1,892 
1,077 

798 

694 

670 

395 

170 

14,256 


All  Forest 
lands 
Acres 

5,849 
3,636 
3,508 
1,238 

883 

726 

710 

395 

170 


17,115 


A  study  by  Fahnestock  (3),  relating  timber 
volume  to  slash  weight,  provided  estimates  of 
the  crown  fuel.  First,  average  timber  volumes 


for  the  Kaniksu  Working  Circle  were  deter- 
mined by  the  following  d.b.h.  classes:  5  to  9 
inches,  9  to  11  inches,  11  to  15  inches,  15  to 
19  inches,  and  over  19  inches.  Crown  weight 
per  acre  was  then  determined  from 
Fahnestock's  study  for  each  d.b.h.  class  using 
trees  of  average  d.b.h.  to  represent  each  class. 
The  weight  of  needles  was  calculated  assum- 
ing 24  percent  of  the  crown  weight  is  foliage. 
Branches  less  than  one-eighth  inch  in  diameter 
were  assumed  to  make  up  6  percent  of  the 
crown  foliage.  The  weight  of  crown  fuel  less 
than  one-eighth  inch  in  diameter  was  calcu- 
lated as  30  percent  of  the  crown  weight. 
(These  percentages  were  derived  by  weighting 
averages  by  volume  for  each  species  present  in 
the  Sundance  Fire  area.) 

Crown    weights    (ovendry    basis)    for    all 
species  in  the  area   are  as   follows: 


Timber 
size  class    Crowns 


Foliage  plus 
Foliage    branches  <l/8" 

Inches    (lbs. /acre)  (lbs. /acre)       (lbs. /acre) 


5-9 

9-11 

11+ 


4,320 
3,870 
4,830 


1,037 

929 

1,333 


Total   13,020    3,299 


1,296 
1,161 
1,630 
4,087 


A  field  sample  was  taken  on  a  1/10-acre  plot 
near  the  confluence  of  Young's  Creek  and 
Pack  River  in  a  stand  of  white  pine  and 
Douglas-fir  appearing  typical  of  timber  in  that 
area.  All  trees  were  tallied  by  species  and 
1-inch  d.b.h.  classes.  Crown  weights  were 
calculated  from  relationships  between  tree 
d.b.h.  and  crown  weight  (4).  Dry-weight 
estimates  per  acre  are  as  follows: 


Species 

White  pine 
Douglas-fir 

Total 


Foliage 
(lbs. /acre) 

3,620 
5,360 

8,980 


Foliage  plus 
branches  <l/8' 

(lbs. /acre) 

3,700 

6,800 

10,500 
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This  plot  contained  a  heavier  loading  than 
determined  for  the  fire  area  as  a  whole  and 
was  used  to  represent  near  maximum  condi- 
tions. The  figure  used  for  average  loading  did 
not  contain  crown  fuel  for  trees  under  5 
inches  d.b.h.  and  probably  should  be  some- 
what higher. 

A  1/4-milacre  plot  near  Brown's  Mill  at  the 
northeast  end  of  the  fire  provided  an  estimate 
of  the  brush  level.  The  ovendry  weight  was 
5,400  lbs. /acre  of  subordinate  vegetation. 
Brush  conditions  were  probably  quite  variable 
over  the  entire  area  but  this  plot,  appearing 
typical  of  the  area,  was  used  as  an  average. 

Ground  litter  was  sampled  at  two  locations; 
one  near  Brown's  Mill  and  the  other  at  the 
southwest  end  of  the  fire  area  near  Coolin. 
These  1/4-milacre  plots  yielded  the  following 
loadings  (ovendry  basis): 


Branches 
Duff 

Buried  wood 
Humus 

Total 


Brown's  Mill 
(lbs. /acre) 

17,000 
23,040 


40,040 


Coolin 
(lbs. /acre) 

10,040 
23,880 

7,680 
41,600 


These  forest  floor  plots  should  be  representa- 
tive of  much  of  the  Sundance  area  although 
considerably  lower  loadings  existed  in  some 
areas.  Moisture  content  was  determined  by 
ovendrying  as  follows: 


Moisture 

Fuel 

content 

(Percent) 

Green  foliage 

White  pine 

144 

Hemlock 

148 

Brush 

Green  and  some  dead  brush 

67 

Snowberry* 

54 

Forest  Floor 

Entire  floor  (Coolin  area) 

20 

Ponderosa  pine  litter  layer* 

8 

Surface  duff  under  spruce* 

10 

Dead  branches  on  spruce* 

12 

*Samples    collected    and    handled    on    the    Priest    River 
Experimental  Forest  by  C.  Carpenter. 

The  moisture  content  of  logs  in  the 
Hellroaring  Creek  area  was  sampled.  Logs  3, 
6,  12,  and  18  inches  in  diameter  were  sampled 
for  center  and  outer  moisture  contents.  These 
measurements  provided  some  indication  of 
the  effect  of  the  moisture  depletion  for  the 
season. 

Outer  Center 

Log         moisture     moisture 
diameter      content       content 


Species 

White  pine 
Douglas-fir 
White  pine 
Douglas- fir 
Cedar 
Cedar 


(Inches)      (Percent)    (Percent) 


3 
6 

6 

12 
12 
18 


8.6 
32.4 
15.2 
12.7 
12.2 
11.6 


8.6 
37.4 
14.9 
29.7 
26.0 
27.3 
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METEOROLOGICAL  FACTORS 
IN  THE  FIRE  RUN 


The  account  of  the  Sundance  Fire  in  the 
text  of  this  paper  has  emphasized  the  influ- 
ence of  the  weather  conditions,  particularly 
those  that  produced  the  unusually  strong 
winds  that  were  a  determining  factor  in  the 
fire's  phenomenal  run.  In  this  section  we  will 
first  look  at  the  general  weather  situation  that 
existed  over  North  America  and  the  eastern 
Pacific  Ocean,  and  then  pay  special  attention 
to  the  relation  of  upper-air  and  surface  winds 
in  the  vicinity  of  the  fire.  Comments  on  the 
relative  humidity  are  also  included. 

The  Large-scale  Weather  Situation 

For  the  general  weather  picture,  we  will  re- 
fer to  a  series  of  maps  depicting  atmospheric 
conditions  at  about  10,000  ft.  m.s.l.  (figs.  18 
through  22).  Maps  at  this  level  represent  the 
general  airflow  and  temperature  pattern  in  the 
lower  troposphere,  largely  free  of  irregularities 
induced  by  local  terrain  effects  in  this  area. 

The  solid  lines  on  these  maps  are  height 
contours;  these  connect  points  of  equad  height 
(m.s.l.)  at  which  an  atmospheric  pressure  of 
700  millibars  (mb.)  is  reached,  in  analogy  to 
contours  on  topographic  maps  (which  give 
heights  of  the  ground  surface).  The  patterns 
shown  by  this  form  of  depiction  are  nearly 
identical  to  the  iso baric  (equal-pressure  line) 
patterns  that  would  be  found  at  a  fixed  height 
of  10,000  ft.  m.s.l.  The  contours  are  drawn 
for  30-meter  intervals  and  are  labeled  in  tens 
of  meters.  The  dashed  lines  are  isotherms, 
drawn  at  intervals  of  5  degrees  Celsius.  In  ad- 
dition, the  winds  observed  at  several  individ- 
ual stations  are  plotted  in  conventional 
symbolic  form.  That  is,  the  windspeed  is  pro- 
portional to  the  number  of  barbs  on  the  taU 
of  an  arrow  (head  not  shown).  Each  fuU  barb 
represents  10  knots  (or  11.5  m.p.h.);  a  half 
barb  indicates  5  knots.  The  tail  of  the  arrow 
points  in  the  direction  from  which  the  wind  is 
blowing. 

From  the  wind  arrows  in  these  maps,  the 
airflow   at   700   mb.  is  seen  to  be  approxi- 


mately parallel  to  the  adjacent  height  con- 
tours. The  windspeed,  at  a  given  latitude,  is 
approximately  inversely  proportional  to  the 
contour  spacing.  Thus,  the  steeper  the  height 
gradient,  the  greater  the  windspeed  in  that 
area.  In  the  present  discussion,  we  will  substi- 
tute the  term  "pressure  gradient,"  which  may 
be  more  dynamically  descriptive. 

The  first  map  (fig.  18)  depicts  conditions 
on  the  morning  of  August  30  and  illustrates  a 
rather  abnormal  pattern,  characteristic  of 
much  of  the  summer  of  1967.  The  dominant 
pressure  features  seen  here  are  (a)  a  strong, 
extensive  warm  ridge  over  the  Western  United 
States  and  Canada  and  (b)  a  deep  trough  and 
low  center  in  the  eastern  Pacific  area.  This 
trough  has  been  stationary  for  3  days.  Be- 
tween the  ridge  and  trough  there  is  a  strong 
pressure  gradient.  Over  the  interior  North- 
western United  States,  winds  are  very  light; 
the  map  shows  a  tendency  for  slow  northward 
movement  of  warmer  air. 


AUe  30,1967 
0SM8T 

Figure  18.  -  Analysis  of  700-mb.  conditions  at  0500 
m.s.t.  August  30,  1967.  For  explanation  of 
symbols  in  figures  18-22,  see  text.  Small  circle 
in  northern  Idaho  is  approximate  location  of 
Sundance  Fire. 
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Figure  19.  Analysis  of  conditions  at  0500  m.s.t. 
September  1,  with  concurrent  surface  position 
of  cold  front  shown  by  sharp-toothed  line. 


The  second  map  (fig.  19),  an  additional  24 
hours  later  at  0500  m.s.t.  (P.d.t.)  September 
1,  shows  continued  eastward  movement  of 
the  upper  trough.  At  this  time,  a  portion  of 
the  western  ridge  persisted  over  the  Great 
Basin  area.  These  two  factors  brought  an  in- 
creased pressure  gradient  in  the  Washington- 
Oregon  area;  there  were  southwesterly  winds 
of  about  40  knots  near  the  coast.  The  speeds 
approached  25  knots  in  northern  Idaho. 
Warm  air  persisted  over  the  interior  North- 
west, but  colder  air  associated  with  the  trough 
had  increased  the  temperature  gradient  across 
western  Washington  and  Oregon. 

Superimposed  on  this  map  as  the  standard 
sharp-toothed  line,  is  the  current  (0500)  sur- 
face map  position  of  a  cold  front  (or  possibly 
an  occluded  front)  that  had  been  moving 
slowly  eastward  toward  the  Pacific  Coast. 
This  front  is  weak,  and  no  pronounced  tem- 
perature contrast  corresponding  to  it  can  be 
found  at  the  700-mb.  level. 

By  1700  on  September  1  (fig.  20),  we  see 
that  the  strongest  pressure  gradient  has 
shifted  further  southeastward.  This  has  been 


In  comparison,  the  "normal"  700-mb.  flow 
over  the  Pacific  Northwest  at  this  time  of  year 
is  rather  zonal  (west-to-east),  with  a  slight 
trough  along  the  Washington-Oregon  coast 
and  only  a  slight  ridge  over  the  Canadian 
Yukon.  The  "normal"  refers  to  conditions 
averaged,  and  thus  smoothed,  over  the  peri- 
od of  a  month.  Nevertheless,  the  anomaly  in 
the  pattern  on  August  30,  1967,  is  out- 
standing. 

Twenty-four  hours  later  (map  not  shown), 
eastward  movement  of  both  the  upper  pres- 
sure trough  and  ridge  had  resumed  but  the 
area  of  highest  temperature  remained  sta- 
tionary over  the  West.  The  pressure  gradient 
and  observed  winds  near  the  British 
Columbia- Alaskan  coast  weakened  somewhat, 
while  a  slight  increase  appeared  over  the 
Washington-Oregon  area.  A  tendency  for  slow 
northward  movement  of  warmer  air  con- 
tinued over  the  interior  Northwest.  Resump- 
tion of  the  trough's  movement  was  in  re- 
sponse to  a  sequence  of  larger  scale.  Northern 
Hemispheric  circulation  features,  whose  com- 
plexity is  beyond  the  scope  of  this  paper. 


SEPT.  1,1967 
17  MST 


Figure  20.  —  Analysis  of  conditions  at  1700  m.s.t. 
September  1,  with  surface  cold  fronts  shown  as 
in  figure  19,  except  that  dissipating  Pacific  front 
is  shown  in  dashed  form.  The  frontal  position  6 
hours  earlier  is  shown  by  dotted  line. 
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Figure  21.  —  Analysis  of  conditions  at  0500  m  s.t. 
September  2,  with  surface  fronts  shown.  Warm 
front  is  shown  by  round-toothed  line. 


Figure  22.  —  Analysis  of  conditions  at  1700  m.s.t. 
September  2,  with  surface  fronts  -  cold,  warm, 
and  occluded  -  shown. 


brought  about  by  (a)  further  erosion  of  the 
ridge  over  western  Canada  as  the  trough 
pushed  uiland,  and  (b)  a  slight  diurnal  in- 
crease in  the  strength  of  the  ridge  in  the  Great 
Basin  area.  Southwesterly  winds  of  about  35 
knots  are  now  indicated  in  northern  Idaho, 
while  45  to  50  knots  are  observed  upwind  in 
northwestern  Oregon. 

At  the  surface,  the  weak  Pacific  front  has 
moved  inland  across  British  Columbia  and 
western  Washington.  (Position  6  hours  earlier 
is  given  by  dotted  line.)  However,  by  this 
time,  a  new  cold  front  has  apparently  devel- 
oped east  of  the  Cascades  in  Washington- 
Oregon;  this  is  related  to  increased  juxtaposi- 
tion of  the  cool  and  warm  air  masses  (as  indi- 
cated by  the  increased  temperature  gradient 
in  figure  20).  Also,  a  separate,  more  pro- 
nounced, cold  front  has  apparently  developed 
in  the  southeastern  British  Columbia  area. 

Twelve  hours  later,  at  0500  on  September 
2  (fig.  21),  we  find  the  trough  has  progressed 
further  eastward  across  western  Canada  and 
has  dug  into  the  northern  portion  of  the 
western  United  States  ridge.  The  offshore  por- 


tion of  the  trough  has  flattened.  Airflow  over 
the  northwest  has  thus  become  more  wester- 
ly, and  the  zone  of  strongest  pressure  gradient 
and  related  wind  has  moved  southward  of  the 
northern  Idaho  area.  At  the  surface,  the  origi- 
nal Pacific  front  has  dissipated,  while  the  two 
newly  defined  cold  fronts  in  Canada  and  the 
United  States  continue  to  move  eastward, 
generally  steered  by  the  upper  flov/,  retaining 
separate  identities.  The  southern  portion  of 
the  Canadian  front  has  lagged  behind  that  in 
the  United  States.  Some  Ught  showers  and 
thunderstorms  have  occurred  with  the  Cana- 
dian front,  but  there  have  been  none  thus  far 
with  the  United  States  front.  Part  of  northern 
Idaho  appears  to  be  in  a  region  between  these 
fronts.  Such  frontal  detail,  possibly  induced 
by  topography,  is  not  reflected  in  the  upper 
air  analysis,  which  is  based  on  observations  at 
stations  about  250  to  300  miles  apart. 

The  final  map  in  this  700-mb.  series  (fig. 
22)  shows  conditions  12  hours  later  at  1700 
on  September  2.  The  pressure  gradient  over 
the  northwestern  United  States  has  decreased 
further,  and  flow  is  now  westerly.  Little  re- 
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Figure  23.  —  Areas  of  strongest  winds  (40  knots  or 
greater)  at  700  mb.,  August  29  to  September  2, 
1967. 


mains  of  the  trough  in  the  west,  while  a  tend- 
ency for  ridging  appears  again.  The  surface 
fronts,  distorted  by  topographic  barriers  and 
perhaps  other  factors,  have  moved  well  to  the 
east.  Light  thundershowers  occurred  during 
the  late  morning  or  afternoon  of  September  2 
in  eastern  Montana,  with  only  showers  to  the 
north  in  Canada. 

Using  the  indications  of  the  preceding 
charts  (and  several  not  shown  here),  the  areas 
of  strongest  wind  aloft,  preceding  and  during 
the  fire  run,  are  summarized  in  figure  23.  A 
speed  of  40  knots  (46  m.p.h.)  has  been 
chosen  as  the  lower  limit  for  inclusion.  The 
outlined  areas  were  defined  on  the  basis  of 
the  observed  winds  and  the  analyzed  pres- 
sure gradients.  A  gradual  southeastward  to 
east-southeastw£ird  progression  of  strongest 
wind  is  evident.  The  zone  of  such  wind 
passes  through  the  northern  Idaho  area  at 
the  time  of  the  2300  P.d.t.  observations  on 
September  1. 


WINDSPEED 
(KNOTS) 


TIME 


SPOKANE 


17  m.s.t.  05 

SEPT. 3 


17  05 

AUG.  31 


17 
AUG.  30 


Figure  24.  -  Time  graph  of  mean  windspeed  in  the  5,000  to  7,000-ft.  m.s.l.  layer  at  Spokane  and  two  adjacent 
stations,  August  30  to  September  3,  1967.  (Note  that  time  proceeds  from  right  to  left  in  this  and  the 
following  three  figures.)  Wind  direction  in  degrees  is  also  shown  for  the  maximum  speed  for  each  station. 
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Upper-Air  and  Surface  Winds 
in  Northern  Idaho  Vicinity 

We  may  view  the  winds  aloft  from  another 
standpoint,  in  the  form  of  a  time  graph  for  an 
individual  station.  Figure  24  shows  such  a 
graph  of  the  mean  windspeed  in  the  5,000  to 
7,000-ft.  m.s.l.  layer  for  Spokane,  70  statute 
miles  southwest  of  Sundance  Mountain.  For 
comparison,  the  corresponding  windspeeds 
are  given  for  two  adjacent  upper-air  stations 
(to  the  west  and  east).  These  stations  are 
Quillayute,  on  the  northern  Washington  coast, 
and  Great  Falls,  Montana.  A  pronounced  peak 
in  speed  in  the  5,000-  to  7,000-ft.  layer  is  seen 
to  have  occurred  at  all  three  stations.  The 
peak  at  the  coastal  station  occurred  approxi- 
mately 12  hours  before  that  at  Spokane, 
whereas  the  peak  at  Great  Falls  occurred 
about  12  hours  after  that  at  Spokane.  The 
peak  speed  in  this  layer,  45  knots  (from  the 
southwest),  is  highest  at  Spokane;  however, 


nearly  as  high  a  speed,  43  knots,  was  observed 
in  a  lower  layer  (2,000-4,000  ft.  m.s.l.)  at  the 
coastal  station.  This  diagram  gives  further 
evidence  that  the  strong  lower  level  winds  in 
the  Sundance  Fire  vicinity  were  a  more  or  less 
sustained,  broad-scale,  moving  feature  which, 
at  least  in  retrospect,  was  trackable. 

Sustained  windspeeds  of  40  to  45  knots  at 
5,000  to  7,000  ft.  m.s.l.  appear  to  be  excep- 
tional in  the  northern  Idaho  area  during  the 
fire  season.  This  is  the  impression  gained  from 
an  examination  of  Spokane  winds-aloft  re- 
ports for  the  period  June  15  to  September  15 
of  the  years  1957  through  1967.  Speeds  of  38 
knots  or  greater  at  5,000  feet  appear  to  occur 
on  an  average  of  only  2  days  per  season 
(based  on  four  wind  soundings  per  day).  In  all 
but  one  of  12  actually  observed  cases  in  this 
11-year  period  (wind  soundings  were  made 
only  three  times  per  day  during  five  of  the 
years),  the  days  with  such  windspeeds  oc- 
curred in  June  or  September.  The  wind  direc- 
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Figure  25.  —  Time  graph  comparing  free-atmosphere  windspeeds  at  Spokane  and  surface  or  tower  windspeeds 
at  several  observation  points,  September  1-2,  1967. 
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tion  in  all  but  one  case  was  southwesterly  or 
west-southwesterly,  with  some  sort  of  upper 
trough  located  near  the  Washington  coast. 

We  have  thus  far  looked  at  wind  indica- 
tions from  upper-air  observations.  An  obvious 
question  is  how  do  these  winds  aloft  relate  to 
those  actually  observed  or  expected  at 
ground-  or  tree-level  locations.  Winds  in 
mountain  areas  may,  of  course,  vary  consider- 
ably according  to  exposure  to  the  general  air- 
flow. In  addition,  surface  friction  acts  to  re- 
duce the  windspeed  near  the  ground,  but 
terrain-induced  turbulence  (proportional  to 
gradient  windspeed)  may  bring  strong  gusts. 
Locally,  winds  may  be  increased  by  terrain- 
enforced  convergence  of  airflow.  Figure  25 
compares  the  free-atmosphere  winds  observed 
above  Spokane  with  the  winds  at  several  sur- 
face stations. 

In  the  Sundance  Fire  vicinity,  hourly  wind 
data  were  available,  except  for  several  night- 
time hours,  from  Lunch  Peak,  at  6,400  ft. 
m.s.l.  20  miles  to  the  southeast.  A  mobile 
fire-weather  station,  sent  from  Boise,  was  in 
operation  here  for  the  Plume  Creek  Fire.  A 
rather  abrupt  rise  in  the  Lunch  Peak  wind- 
speed  is  noted  between  1600  and  1700  P.d.t. 
on  September  1.  Winds  from  the  southwest 
soon  reached  an  average  of  approximately  35 
m.p.h.  at  1800  and  1900  P.d.t.;  gusts  (not 
plotted  in  the  diagram)  were  up  to  50  to  55 
m.p.h.  for  several  hours. 

Roman  Nose  Lookout,  at  7,264  ft.  m.s.l. 
on  the  northern  edge  of  the  fire,  had  a  12 
m.p.h.  southerly  wind  at  the  regular  1600 
P.d.t.  fire-weather  observation  time;  a  steady 
speed  of  35  to  40  m.p.h.  from  the  southwest 
was  reported  at  2015  P.d.t.  (note  point 
plotted  in  figure  25).  A  lookout  atop  Mt. 
Henry  (7,235  ft.  m.s.l.),  in  extreme  north- 
western Montana,  reported  winds  averaging 
40  m.p.h.  and  gusting  to  60  m.p.h.  (time  not 
given). 

Among  the  mountaintop  fire-weather  sta- 
tions reporting  once  daily,  four  of  the  seven 
in  northeastern  Washington  (at  elevations 
ranging  between  3,800  and  5,900  ft.  m.s.l.) 
had  windspeeds  between  27  and  33  m.p.h.  at 
1600  P.d.t.  Speeds  at  five  such  stations  in  the 
Idaho  panhandle  (at  elevations  between  5,200 
and  6,400  ft.  m.s.l.)  were  as  yet  only  between 
12  and  16  m.p.h.  To  illustrate  possible 
terrain-exposure     effects,     Squaw     Peak, 


Montana  (at  6,200  feet),  nearby  to  the  south- 
east, had  29  m.p.h.  winds  at  this  time. 

The  Lunch  Peak  (and  Roman  Nose  Look- 
out) windspeeds  fit  in  reasonably  well  with 
the  5,000-  to  7,000-ft.  wind  trend  at  Spokane 
during  the  late  afternoon  and  early  evening  of 
September  1.  The  same  can  be  said  for  the 
winds  atop  a  400-ft.  tower  at  the  Hanford 
A.E.C.  Works,  ground  elevation  700  ft.  m.s.l., 
about  120  miles  southwest  of  Spokane.  The 
available  Lunch  Peak  and  Hanford  speeds  dif- 
fer considerably,  however,  from  those  of  the 
free-atmosphere  winds  at  Spokane  later  in  the 
evening.  This  difference  is  probably  associated 
with  variations  in  the  vertical,  turbulent  trans- 
fer of  momentum  through  the  "friction 
layer."  This  layer  would  extend  mainly  to 
near  5,000  ft.  m.s.l.  at  Spokane  and  to  corre- 
spondingly higher  altitudes  above  the  moun- 
tainous area  in  northern  Idaho.  Although  ref- 
erence is  made  in  this  paper  to  free- 
atmosphere  winds  at  5,000  ft.  m.s.l.  in  the  Sun- 
dance area,  such  winds  are  largely  hypothetical. 

It  may  be  well  to  clarify  here  the  relation- 
ship between  the  strong  winds  in  the  Sun- 
dance area  and  the  movement  of  a  cold  front. 
The  strong,  or  relatively  strong,  and  gusty  sur- 
face winds  observed  in  eastern  Washington 
and  northern  Idaho  on  September  1  began  by 
middle  or  late  afternoon.  This  onset  took 
place,  at  high  and  low  elevations,  approxi- 
mately 100  to  150  miles  in  advance  of  the 
cold  front  that  had  developed  east  of  the  Cas- 
cades. Cooler-air  movement,  representing  a 
gradual  change  of  airmass,  was,  however,  al- 
ready accompanying  these  prefrontal  winds. 
The  front  in  this  case  thus  appears  to  repre- 
sent a  secondary  steepening  of  horizontal 
temperature  gradient  imbedded  within  a 
broader  gradient.  The  peak  in  5,000-ft.  m.s.l. 
free-atmosphere  windspeed,  which  was 
reached  in  the  late  evening,  occurred  near  or 
slightly  behind  the  surface  map  projection  of 
this  eastw£ird-moving  front.  But,  as  indicated 
earlier,  the  front  was  rather  diffuse  or  un- 
detectable in  northern  Idaho  and  extreme 
eastern  Washington. 

In  the  absence  of  more  detailed  data  cover- 
£^e,  the  actual  effect  of  this  diffuse  front  (or 
frontal  zone)  on  the  Sundance  surface  winds 
remains  a  matter  for  speculation.  It  is,  how- 
ever, apparent  that  the  front  alone  could  not 
have    accounted    for    the    unusually    strong. 
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gusty  winds  which  persisted  for  several  hours. 
These  winds  were  ultimately  dependent  upon 
the  exceptional  summertime  pressure  gradient 
that  existed  in  the  lower  levels  of  the  tropo- 
sphere. The  extent  to  which  winds  of  gradient 
strength  or  greater  were  experienced  near  the 
surface  would,  of  course,  vary,  as  previously 
discussed.  Turbulence  commonly  attending  a 
cold  front  may  or  may  not  have  been  an  im- 
portant triggering  factor  in  this  case. 

The  strong  pressure  gradient  and  the  cold 
front,  both  associated  with  the  approaching 
trough,  may  be  regarded  as  individual  but 
related  parts  of  a  weather  system.  Basic  to 
such  a  system  is  the  juxtaposition  of  two  dif- 
ferent (warm  and  cool)  airmasses.  The  upper 
tropospheric  jet  stream,  whose  core  in  this 
case  was  at  only  25,000  to  30,000  ft.  m.s.L, 
would  also  be  part  of  this  system.  Moving 
eastward,  its  axis  at  2300  P.d.t.  September  1 
was  about  100  miles  northwest  of  Spokane 
and  the  Sundance  area.  The  windspeed  over 
Spokane  was  approximately  80  knots  (inter- 
polated), having  increased  from  60  knots  at 
1700  P.d.t.  Such  a  jet  could,  through  dynamic 
processes,  possibly  effect  a  vertical  transfer  of 
momentum  (and  other  properties)  to  the 
lower  troposphere.  This  would  occur  within  a 


frontal  zone  sloping  below  the  jet's  core,  in  the 
form  of  a  dry-adiabatic  sinking  of  air  from  the 
upper  tropospheric  portion  of  the  zone  (lo- 
cated many  miles  upwind  of  its  lower  portion) 
(6).  Some  evidence  was  found  supporting  the 
presence  of  such  an  effect  in  the  Sundance 
case,  but  was  regarded  as  inconclusive. 

The  estimated  hourly  free-atmosphere  (gra- 
dient) windspeeds  at  5,000  ft.  m.s.l.  in  the 
Sundance  area,  used  in  this  fire  report,  are 
given  in  figure  26.  These  speeds  are  based 
upon  the  6-hourly  upperwind  observations  at 
Spokane.  Observed  surface  winds,  referred  to 
earlier,  were  used  as  a  guide  in  allowing  for  a 
slight  timelag  in  adapting  a  vertical  cross- 
section  analysis  of  Spokane  upper  winds  (not 
shown)  to  the  Sundance  area.  The  lag,  ad- 
judged also  according  to  spatial  differences  in 
pressure  gradient  on  the  700-mb.  maps,  did 
not  exceed  1  hour  and  was  adjudged  to  be 
zero  after  the  time  of  maximum  wind. 

Humidity 

Also  plotted  in  figure  26  is  a  curve  of  esti- 
mated "modified"  free-atmosphere  relative 
humidity  at  5,000  ft.  These  humidity  values 
are  a  compromise  between  those  in  the  free 
atmosphere  and  those  observed  near  ground 
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Figure  26.  —  Time  graph  of  estimated  free-atmosphere  windspeed  and  "modified"  free-atmosphere  relative 
humidity  at  5,000  ft.  m.s.l.,  Sundance  Fire  area,  September  1-2,  1967. 
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level  on  a  ridge  or  mountaintop.  Relative 
humidity  is,  of  course,  a  function  of  both 
temperature  and  actual  water-vapor  content 
of  the  air.  The  values  given  here  were  derived 
by  use  of  Spokane  surface  and  upper-air  ob- 
servations and  the  hygrothermograph  charts 
from  both  Gisborne  Mountain  Lookout 
(about  10  miles  south  of  the  Sundance  Fire 
area)  and  Big  Spot  mobile  weather  station 
{about  25  miles  north  of  Sundance).  Good 
consistency  was  found  among  the  tempera- 
ture and  vapor  pressure  tendencies  from  these 
data  sources.  The  Lunch  Peak  data,  however, 
were  not  used  here;  the  observed  temperature 
values  and  behavior  showed  discrepancy  with 
those  at  the  above  stations  and  at  6,424-ft. 
Sunset  Peak,  Idaho  (70  miles  SSE  of  the  Sun- 
dance Fire),  and  were  considered  unrepre- 
sentative of  the  general  area. 

A  relative  humidity  threshold  of  about  30 
percent  has  been  found  empirically  by  some 
researchers  to  be  critical  in  the  precondition- 
ing of  fine  fuels.  The  estimated  relative 
humidity  for  the  Sundance  Fire  environment 
is  seen  to  have  remained  below  30  percent  on 
September  1  until  after  2200  P.d.t.,  about  the 
time  of  maximum  estimated  gradient  wind.  A 
steady  increase  then  occurred,  raising  the 
humidity  to  75  percent  the  following  morn- 
ing. For  comparison,  the  low  relative  humid- 
ity that  persisted  for  several  preceding  days 
and  nights  is  shown  in  figure  27.  The  relative 


humidity  increase  (September  1-2)  was  re- 
lated primarily  to  the  decrease  in  "modified" 
free-atmosphere  temperature  (to  51°  F.  at 
5,000  ft.  m.s.l.),  rather  than  to  any  large  in- 
crease in  vapor  content  of  the  air  as  compared 
with  preceding  nights. 

Concluding  Remarks 

In  summary,  we  have  described  the  general 
weather  situation  associated  with  the  Sun- 
dance Fire  run  and  have  examined  more 
specifically  the  related  wind  and  relative 
humidity.  Additional  research,  not  reported 
here,  examined  other  considerations  stated  in 
the  literature  to  be  possibly  important  in 
rapid  or  "explosive"  fire  spread.  Primarily 
these  are  (a)  vertical  wind  profile  (change  of 
speed  and  direction  with  height);  (b)  airmass 
instability;  (c)  subsidence;  and  (d)  downdrafts 
from  adjacent  thunderstorms.  The  last-named 
factor  may  be  safely  regarded  as  absent  in  the 
Sundance  Fire  case.  Findings  with  respect  to 
the  first  three,  not  particularly  crucial,  will 
appear  in  a  forthcoming  separate,  more  com- 
plete meteorological  paper. 

The  above-presented  weather  factors  must 
be  considered  together  with  other  factors, 
such  as  fuels  and  topography,  in  accounting 
for  the  fire  behavior.  With  this  in  mind,  it  is 
nevertheless  quite  apparent  that  unusually 
strong  winds  occurred  in  the  Sundance 
vicinity  at  a  most  unfortunate  time. 
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Figure  27.  —  Time  graph  of  estimated  "modified"  free-atmosphere  relative  humidity  at  5,000  ft.  m.s.l.,  Sundance 
Fire  area,  for  several  days  prior  to  and  including  September  1,  1967. 
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THE  PACK  RIVER  BRIDGE  AS  AN  AREA 
FIRE  INTENSITY  INDICATOR 

The  Sundance  Fire  burned  with  extreme 
intensity  in  many  areas,  as  exhibited  by  rock 
spaUing  and  complete  burnout  of  ground 
fuels.  The  area  where  the  fire  crossed  the  Pack 
River  is  a  notable  example.  Here,  the  visitor  is 
awed  by  the  coupled  effects  of  high  winds 
and  intense  fire  activity.  Nearly  all  the  large 
trees  —  cedars  and  hemlocks  —  have  been  up- 
rooted or  broken  and  are  lying  charred  among 
the  grey  ash  remains  of  ground  fuels.  Also, 
the  remains  of  the  Pack  River  Bridge  are  mute 
evidence  of  the  fire's  passing.  There  has  been 
much  speculation  about  the  intensity  neces- 
sary to  result  in  the  complete  burnout  of  the 
approach  spans  and  distortion  of  the  carbon 
steel  plates  covering  the  deck  runway.  This 
short  study  is  intended  to  establish  the  rela- 
tionship, if  any,  between  fire  intensity  at  the 
bridge  and  in  the  surrounding  area. 

Extent  of  Fire  Damage 
to  the  Bridge 

The  bridge  spans  the  Pack  River  in  a  nearly 
north-south    direction    near   the   McCormick 


Creek  inlet  as  shown  on  the  foldout  map. 
Three  connected  segments  make  up  the 
bridge:  the  center  span  resting  on  two  con- 
crete piers  in  the  stream  bed  and  two  ap- 
proach spans  resting  on  concrete  footing  on 
the  streambank.  The  design  is  shown  in  figure 
28.  The  center  span  is  65  ft.  long  by  14  ft. 
wide.  Each  approach  span  is  approximately 
24  ft.  long  by  14  ft.  wide.  The  decks  of  the 
approach  spans  are  6  inches  thick,  and  are 
made  up  of  laminated  2-  by  6-inch  boards. 
Strength  is  given  to  the  deck  by  nine  traverse 
beams  8-  by  20  inches  by  24  feet,  spaced 
along  the  length  of  the  span.  Carbon  steel 
plates  5/16-inch  thick  were  also  placed  on  the 
deck  runways  to  provide  traction  and  reduce 
wear.  The  primary  structural  material  used 
was  creosote-treated  Douglas-fir. 

Fire  damage  to  the  bridge  was  confined 
essentially  to  the  approach  spans;  although 
there  was  evidence  of  burning  at  each  end  of 
the  central  span,  the  major  portion  of  it  was 
unscorched  by  the  surrounding  fire  activity. 
Figure  17  (main  text)  shows  the  burnout  of 
the  north  approach  span.  Figures  29  and  30 
show  other  views  of  the  bridge.  Notice  the 
unburned  paint  on  the  central  span  shown  in 
figure  29.  Figure  30  shows  the  complete  burn- 
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Figure  28.  -  Side  elevation  of  Pack  River  Bridge. 
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Figure  29.  —  View  of  Pack  River  Bridge  looking  southeast. 


Figure  30.  -  Burnout  of  north  approach  span,  Pack 
River  Bridge,  showing  distortion  of  steel  surface 
plates. 


out  of  one  of  the  approach  spans  and  the  de- 
formed steel  plates.  The  other  span  is  identi- 
cal in  appearance.  It  is  apparent  from  the 
photograph  that  the  steel  plates  had  been  suf- 
ficiently softened  by  the  heat  to  conform  to 
the  shape  of  the  surface  they  fell  upon  when 
the  span  gave  way. 

Hypotheses  of  Ignition 
and  Burning 

The  probability  of  ignition  of  the  bridge  is 
of  course  dependent  on  the  residence  time  of 
the  fire  in  the  surrounding  area.  Anderson^ 
gives  us  a  relationship  between  0,  the  resi- 
dence time  in  minutes,  and  D,  the  particle 
diameter  in  inches. 

e  =  8D 
From  evidence  of  burned  limb  stumps,  2 
inches  in  diameter,  we  estimate  a  residence 
time  in  the  surrounding  fuels  area  of  16 
minutes.  Limbs  of  larger  diameter  would  help 
sustain  the  residence  time  past  16  minutes; 
this  would  certainly  be  enough  time  to  ignite 
the  brush  near  the  approach  spans  (the  re- 
mains of  this  brush  may  be  seen  in  figure  17). 
The  burning  brush  would  then  act  as  an  igni- 
tion source  for  the  bridge. 

The  importance  of  closely  positioned  kin- 
dling fuels  is  demonstrated  by  the  fact  that 
fire  damage  to  the  central  span  was  limited, 
owing  to  the  absence  of  a  nearby  source  of 
ignition.  Except  for  occasional  hot  flames  the 
region  just  above  the  creek  bottom  would  be 
relatively  cool  compared  to  the  surrounding 
area.  We  conclude  that  fire  activity  in  the 
central  span  near  the  concrete  piers  was 
simply  an  extension  of  the  fire  in  the  ap- 
proach spans.  During  the  period  of  burning, 
winds  near  the  bridge  were  predominantly  up- 
stream or  downstream,  that  is,  normal  to  the 
bridge,  as  evidenced  by  the  creosote  smoke 
deposited  on  the  steel  beams  on  either  side  of 
the  central  span.  Consequently,  we  believe  the 
fire  traveled  crosswise  to  the  wind  and  simply 
burned  out  near  the  concrete  piers.  If  there 
had  been  ignition  on  the  windward  side  of  the 
central  span,  more  extensive  damage  would 
have  occurred  in  that  section. 
; Ht/^r  7ki9A:sh£^    /4/vii> 

'Anderson,  Hal  E.  fiiudiiiliuii  inudol  fur  fire  spread. 
U.S.D.A.  Forest  Serv.,  Intermountain  Forest  and  Range  Exp. 
Sta ,  Ogden,  Utah.  (In  preparation.) 
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Figure  31.  -  Cross  section  of  approach  span  of  bridge,  showing  supposed  pattern  of  wind  eddy  formation 
within  cavities. 


Once  the  bridge  had  been  ignited,  en- 
hancement of  the  burning  can  also  be  attrib- 
uted to  the  long  rectangular  cavities  between 
the  beams  located  below  the  bridge.  It  is  hy- 
pothesized that  wind  blowing  over  these  cav- 
ities perpendiculairly  to  the  beam  axis  or 
bridge  direction  produces  eddies  on  the  lee- 
ward side  of  the  beams  within  each  cavity, 
as  illustrated  in  figure  31.  As  the  windward 
side  burns,  flames  are  entrained  into  the 
eddies  on  the  leeward  side.  Thus,  combus- 
tion is  propagated  into  the  adjacent  cavity. 
In  this  situation,  only  a  limited  amount  of 
air  is  entrained  into  the  cavity  with  the 
flames  so  that  combustion  of  only  a  portion 
of  the  volatilized  gases  from  the  inside  sur- 
face can  be  completed  within  the  cavity.  As 
the  heat  builds  up,  an  overabundance  of  the 
volatilized  gases  is  produced  within  the  cavity. 
Thus,  the  proper  fuel  air  mixture  is  not  at- 
tained until  the  gases  are  swept  out  of  the 
cavity  into  the  outside  air.  However,  just  as 
these  gases  leave  the  cavity  and  begin  flam- 
ing combustion  they  are  entrained  into  the 
next  cavity  and  so  the  cycle  is  repeated  until 
all  the  cavities  are  burning.  Notice  also,  in 
figure  31,  that  the  two  walls  formed  by  the 
beams  are  advantageously  located  for  enhance- 
ment of  burning  by  reradiation  between  the 
walls. 


There  is  no  direct  evidence  to  support  the 
hypothesis  that  eddies  were  formed  in  the 
cavities  below  the  deck.  However,  a  recon- 
struction of  the  bridge  fire  under  laboratory 
conditions  gives  us  a  qualitative  examination 
of  eddy  production  that  could  lead  to  support 
or  rejection  of  the  hypothesis.  For  our  pur- 
pose a  cross-sectional  slice  of  the  beam  axis  of 
the  bridge-approach  span  is  sufficient.  Since  a 
qualitative  examination  is  all  that  is  possible, 
there  is  no  strict  adherence  to  scaling.  The 
deck  is  made  up  of  l'/2-  by  '/j-inch  white  pine 
lumber  and  the  beams  are  replaced  by  2-  by 
4-inch  Douglas-fir.  Two  coats  of  diesel  oil 
were  applied  to  the  model  to  simulate  the 
creosote  treatment. 

The  simulated  bridge  section  was  placed  in 
the  wind  tunnel  with  the  wind  flowing  at 
right  angles  to  the  beam  axis.  To  eliminate 
burning  on  the  exposed  cross-sectional  faces  it 
is  necessary  to  cover  both  faces  with  sheet 
metal.  Two  bridge  sizes  were  burned  in  the 
wind  tunnel  under  identical  conditions,  the 
only  difference  being  in  the  width.  In  the  first 
test  the  bridge  was  42  inches  wide  and  in  the 
second  17  inches.  In  both  cases  ignition  by 
simulated  ground  fuels  (excelsior)  was  on  the 
windward  side.  Because  of  the  size  difference 
ignition  was  confined  to  the  first  few  cavities 
in  case  1  and  extended  over  the  entire  bridge 
section  in  case  2. 
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Figure  32.  —  Model  of  bridge  approach  span  (42-inch  size)  burning  in  wind  tunnel. 


These  two  cases  simulated  two  possible 
levels  of  ignition.  Although  the  ignition  was 
different,  the  circulation  patterns  in  the  cavi- 
ties are  identical.  In  the  photograph,  figure  32, 
a  similarity  to  the  expected  eddy  patterns 
shown  in  figure  31  is  evident.  There  is  great 
likelihood  then  that  eddy  patterns  were  cre- 
ated in  the  cavities  below  the  deck,  enhancing 
the  fire  activity  at  the  bridge. 

Creosote  preservative  on  the  wood  struc- 
tures of  the  bridge  and  vegetation  near  the 
bridge  approaches  certainly  contributed  to 
the  ignition  process;  however,  the  wind  and 
the  associated  eddies  produced  within  the 
cavities  under  the  bridge  are  of  greater  impor- 
tance. If  there  had  been  no  cavities,  it  is  likely 
that  burning  would  have  been  greatly  reduced 
except  at  the  edges,  resulting  in  much  slower 
burning  and  possibly  more  unburned  residue, 
rather  than  the  complete  burnout  of  the  ap- 
proach spans  that  actually  occurred. 

Winds  at  the  bridge  site  were  primarily  fire 
induced  and  generated  in  the  drainage  in  an 
area  remote  from  the  bridge.  They  were  "in- 
draft" winds  resulting  from  strong  convective 
upward  flow  at  the  generating  source.  These 
winds  were  sustained  as  other  areas  in  the 
drainage  burned,  creating  additional  genera- 
tors. Furthermore,  there  were  enough  other 
areas  to  sustain  winds  for  the  equivalent  of  at 
least  four  residence  times,  thus  accounting  for 
1  hour  of  intense  fire  activity  at  the  bridge 
site.  This  was  certainly  enough  time  for  the 
bridge  to  have  achieved  sustained  combustion 
without  the  necessity  of  continued  sources  of 
wind  and  heat.  It  is  very  likely  that  these  in- 
draft winds  were  present  at  the  bridge  because 


the    creekbed    acted    as    a    relatively    unob- 
structed trough  for  the  flow  of  air. 

Damage  to  Steel  Runways 

Heat  transfer  to  the  steel  runways  was  suffi- 
cient to  cause  a  large  reduction  in  the  tensile 
strength  as  evidenced  by  the  distortion  of  the 
plates  shown  in  figure  30.  Considering  the  den- 
sity of  steel  we  may  assume  that  it  would  de- 
form appreciably  under  its  own  weight  if  it  lost 
three-fourths  of  its  peak  strength.  Examination 
of  the  variation  in  steel  strength  with  tempera- 
ture indicates  that  a  reduction  of  strength  of 
that  extent  would  be  achieved  at  1200°  F.  This 
is  in  no  way  indicative  of  the  temperature  out- 
side the  immediate  bridge  area.  Contrary  to 
news  reports,  there  is  no  evidence  that  the  steel 
had  reached  the  melting  point,  2,800°  F. 

Conclusions 

An  examination  of  the  bridge  and  the 
simulated  bridge  fire  suggests  that: 

1.  The  bridge  approaches  were  ignited  by 
ground  fuels. 

2.  Once  ignited,  the  bridge  continued  to 
bum  independent  of  the  heat  supplied  by  sur- 
rounding forest  fire. 

3.  The  bridge  design  contributed  to  the 
fire  damage,  since  eddies  formed  by  the  wind 
normal  to  the  bridge  produced  and  captured 
pockets  of  burning  gas  on  the  underside  of 
the  bridge. 

4.  The  distortion  of  the  steel  plates  merely 
indicates  that  a  fire  was  present  long  enough 
to  heat  the  plates  to  1,200°  F.  or  more  (but 
not  up  to  the  melting  point,  2,800°    F.) 

5.  The  bridge  fire  is  not  an  indicator  of 
the  intensity  of  the  surrounding  forest  fire. 
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Headquarters  for  the  Intermountain  Forest  and 
Range  Experiment  Station  are  in  Ogden,  Utah.  Head- 
quarters for  Research  Work  Units  are  also  at: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana 
State  University) 

Logan,  Utah  (in  cooperation  with  Utah  State  Uni- 
versity) 

Missoula,  Montana  (in  cooperation  with  University 
of  Montana) 

Moscow,  Idaho  (in  cooperation  with  the  Univer- 
sity of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young 
University) 


The  Forest  Service  of  the  U.  S.  Department  of  Agriculture 
is  dedicated  to  the  principle  of  multiple  use  management 
of  the  Nation's  forest  resources  for  sustained  yields  of 
wood,  water,  forage,  wildlife,  and  recreation.  Through  for- 
estry research,  cooperation  with  the  States  and  private 
forest  owners,  and  management  of  the  National  Forests 
and  National  Grasslands,  it  strives  -  as  directed  by  Con- 
gress to  provide  increasingly  greater  service  to  a  growing 
nation. 
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HIGHLIGHTS 

Wood  siding  was  most  common  in  northern  and  northeastern 
cities  and  was  used  least  in  southwest  and  southeast  cities. 

About  46  percent  of  the  siding  used  in  homes  surveyed  was 
of  wood-based  materials. 

Fiberboard  was  the  most  widely  used  wood -based  siding, 
accounting  for  about  one-fifth  of  all  siding  used. 

Architectural  requirements  influence  type  of  siding  but  not 
always  material  used. 

Builders  recognize  certain  cost  advantages  and  disadvantages 
of  various  sidings,  but  cost  factors  do  not  usually  alter 
traditional  geographic  preferences. 

Most  builders  either  select  the  siding  for  the  home  or  limit 
the  choice  of  siding  they  offer  to  buyers. 

Esthetic  appeal  and  product  improvement  are  keys  to  wood 
siding's  market  future. 


CONTENTS 

Page 

Highlights ii 

Need  for  Market  Appraisal 1 

Variations  in  Use 1 

Ranking  of  Factors  That 

Determine  Choice  of  Siding 3 

Architectural  Style 4 

Appearance      4 

Maintenance  and  Performance 5 

Buyers'  Influence 6 

Costs 7 

Installation  and  Finishing 8 

Availability  and  Supply  Services 9 

Market  Outlook  for  Wood  Sidings 10 


n 


NEED  FOR  M-XRKHT  APPIUISAL 

Exterior  siding  used  on  houses  has  until  recently  been  limited  to  lumber,  brick  or 
other  masonry,  wood  shakes,  stucco,  and  several  composition  materials.   During  the  yiast 
two  decades,  however,  new  siding  products  have  been  developed,  particularly  sheet  and 
board  materials  including  nonwood  sidings  of  aluminum  and  plastics,  as  well  as  new  tyjies 
of  wood-based  sidings,  such  as  fiberboard,  plywood,  and  wood  overlaid  with  nonwood 
materials.   These  new  products  have  gained  market  acceptance  because  of  ch.anges  in 
horaebuilding  design  and  techniques  and  the  need  to  reduce  installation  and  maintenance 
costs . 

In  view  of  these  developments,  an  appraisal  of  tlie  market  outlook  for  siding  is 
vital  for  planning  by  timber  resource  managers.   The  utilization  of  existing  stands  of 
timber  and  the  regulation  of  species  and  quality  depend  in  part  on  the  types  of  products 
desired.   Obviously,  the  species  or  qualities  of  wood  needed  for  sawn  lumber  siding, 
wood  shakes,  fiberboard,  and  overlaid  wood  sidings  vary  greatly.   Sucli  an  appraisal  also 
is  vital  for  manufacturers  of  wood  products;  they  can  best  convert  timber  into  desirable 
products  when  the  market  criteria  their  products  must  meet  are  clearly  defined. 

Any  complete  appraisal  of  the  siding  market  must  consider  such  factors  as  techno- 
logical developments  in  products  and  trends  in  building  activity,  as  well  as  the  market 
criteria  of  builders  and  buyers.   However,  this  study  was  limited  to  the  following 
obj  ectives  : 

1.  Identifying  geographic  differences  in  metropolitan  markets. 

2.  Determining  the  relative  importance  of  builders,  home  buyers,  and  suppliers  in 
selection  of  siding. 

5.   Identifying  and  evaluating  the  relative  importance  of  various  factors  that 
constitute  the  market  criteria  for  siding  such  as  (a)  appearance,  (b)  maintenance  re- 
quirements and  other  performance  characteristics,  (cj  availabi 1  it)-  and  suppliers' 
services,  (d)  style  and  price  of  the  home,  (ej  cost,  including  price  and  installation, 
and  (f)  home  buyers'  preferences  and  options. 

4.  Evaluating  how  well  wood  sidings  meet  the  more  important  criteria  identified 
and  what  changes  are  needed  to  improve  their  acceptance. 

5.  Appraising  the  market  outlook  for  wood  sidings. 

The  study  is  based  on  personal  interviews  witli  82  builders  in  20  cities  throughout 
I  the  continental  United  States.   These  cities  were  chosen  at  random  from  metropolitan 
areas  with  100,000  or  more  population.   Sample  builders  were  selected  from  the  )'ellow 
pages  of  the  telephone  directories.   The  study  covers  5,245  houses  built  either  in 
1965  or  1966,  depending  on  which  year  tlie  builder  was  interviewed. 

VARIATIONS  IN  USE 

Wood-based  siding  accounted  for  about  46  percent  of  all  siding  used  in  the  5,245 
houses  covered  in  this  survey  and  was  the  principal  siding  used  in  about  41  percent 
of  these  houses.   Fiberboard  was  the  leading  wood-based  siding  used  and  brick  the  most 
common  nonwood  siding  used.   Builders  often  use  one  material  for  tlie  principal  siding 
land  a  second  material  for  accent  panels  or  gable  ends,  which  is  reflected  in  the 
I  following  tabulation.   For  example,  plywood  was  used  mostly  as  a  secondary  siding;  thus, 
it  accounted  for  4  percent  of  all  siding  used,  but  was  the  principal  siding  used  in 
only  1  percent  of  the  houses. 


Material 

Brick 

Wood-based: 
Fiberboard 
Shake 
Lumber 
Plywood 

Overlaid  lumber  and 
plywood 

Subtotal 

Other: 

Aluminum 
Asbestos 
Block 
Stucco 

Subtotal 


Percent  of  all 
siding  used 

28 


Percent  of  homes  in  which 
material  was  principal  siding 

29 


21 

11 

9 

4 

1 


20 

13 
7 
1 

<0.5 


46 


41 


10 
4 
5 

11 


26 


30 


Wood  was  the  leading  siding  used  in  only  five  of  the  cities  surveyed,  brick  in 
eight  cities,  stucco  or  block  in  four  cities,  and  other  materials  in  three  cities  (fig. 
1) .   However,  wood  accounted  for  a  significant  share  of  siding  used  in  most  cities 
(fig.  2).   Wood's  share  of  the  market  was  less  than  10  percent  of  all  siding  used  in 
only  five  cities.   Individual  builder  use  within  cities  varied  considerably  from  these 
siding-use  patterns.   Wood  is  most  often  used  in  cities  in  the  north  and  northeast,  and 
used  least  in  southwestern  and  southeastern  cities. 


IWATERBURY 
PHILADELPHIA 


Wood  based 

Brick 
[ZD  Stucco  or  block 
D  Other 


Figure  1 .  -  -  Leading  siding  materials  in  sample  cities . 
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Figure  2.  --Wood-based  siding  share  of  all  siding  materials 
used  in  sample  cities. 


Traditional  preferences  for  certain  materials  in  part  explain  the  differences  in 
siding  use  between  cities.   Wood  shakes  are  a  long-time  favorite  in  New  England,  stucco 
is  popular  in  the  southwest,  and  some  cities  and  areas  are  known  as  "hard  materials" 
markets  where  brick  and  masonry  are  preferred.   These  preferences  often  stem  from  such 
technical  characteristics  of  the  material  as  maintenance  properties,  architectural 
suitability,  or  cost. 


RANKING  OF  FACTORS  THAT  DETHRMINH 
CHOICE  OF  SIDING 


A  builder's  selection  of  siding  is  seldom  based  on  only  a  single  criterion,  but 
rather  on  a  number  of  considerations--specific  criteria  or  problems  that  vary  among 
builders  and  locations  (such  as  the  particular  performance  conditions  encountered,  or 
the  style  of  home  that  is  favored).   Different  builders  may  consider  the  same  factors 
highly  important  but  end  up  using  different  siding  materials.   This  is  shown  in  the 
following  tabulation: 


Most         Second  most         Third  most 


Factors  important       important  important 

(Percent  of  builders) 


Style  and  architecture 

29 

Home  buyers'  options 

and  preferences 

26 

Price  of  siding. 

price  of  home 

23 

Maintenance, 

performance 

9 

Installation, 

finishing 

6 

Availability,  supply 

services 

1 

Other 

6 

13  2 

10  10 

15  13 

37  29 

12  9 

4  2 

6  5 

It  can  be  noted  that  the  factors  that  rate  high  in  importance  include  some  of  wood's 
strongest  advantages--style,  appearance,  and  regional  preferences--as  well  as  some  of 
its  greatest  disadvantages--maintenance  requirements  and  performance  (particularly 
dimensional  instability). 

ARCHITECTURAL  STYLE 

Siding  is  a  conspicuous  part  of  the  house  and  if  a  certain  architectural  effect  is 
desired,  siding  plays  a  big  part  in  creating  that  effect.   Two  out  of  three  builders  in 
this  study  indicated  that  architecture,  style,  and  appearance  had  some  bearing  on  their 
choice  of  siding.   For  example,  among  those  who  built  colonial  style  houses,  most  (70 
percent)  used  lap-type  siding  ("bevel,"  "drop,"  or  "clapboard")  to  achieve  the  proper 
architectural  effect.   Lap  siding,  brick,  and  board  and  batten  sidings  predominate  in 
other  traditional  styles  such  as  "provincial,"  "plantation,"  etc.   In  contemporary 
houses,  all  types  and  patterns  are  common,  but  builders  frequently  select  a  siding  to 
create  a  desired  effect;  for  example,  board  and  batten,  channel  groove,  or  v-groove 
lumber,  or  grooved  plywood  to  carry  out  vertical  lines  in  a  house,  or  lap  siding  to 
create  a  low  profile.   Use  of  two  or  more  sidings  is  particularly  common  in  contempor- 
ary styles. 

The  style  of  the  house  does  not  necessarily  determine  which  siding  material  is 
used,  however,  because  most  types  and  patterns  of  siding  are  available  in  a  number  of 
materials  that  provide  a  similar  architectural  effect.   For  example,  lap  siding  is 
available  in  lumber,  fiberboard,  aluminum,  asbestos,  vinyl,  and  several  other  materials. 
Therefore,  builders  can  achieve  the  "proper"  type  siding  using  whatever  material  they 
or  their  home  buyers  prefer.   There  are  exceptions  to  this,  of  course,  such  as  the 
"Spanish  villa"  style  where  stucco  is  considered  to  be  the  only  "proper"  siding. 

APPEARANCE 

Although  similar  overall  architecture  and  pattern  can  be  achieved  with  several 
siding  materials,  some  builders  note  differences  in  the  appearance  qualities  of  these 
materials.   About  one-third  of  the  builders  (mostly  smaller  builders  of  high-priced 
homes)  commented  favorably  on  the  appearance  qualities  of  some  specific  sidings.   Of 
these  builders, 

47  percent  cited  favorable  appearance  of  lumber 

21  percent  cited  favorable  appearance  of  plywood 

18  percent  cited  favorable  appearance  of  brick 

14  percent  cited  favorable  appearance  of  other  materials 


Favorable  comments  on  lumber  are  that  it  is  "authentic,"  Ikis  a  qualitv  image,  and 
gives  a  heavy  shadowline  on  lap  siding.   Both  lumber  and  plywood  with  rough-texture 
surfaces  are  favored  for  creating  a  rustic  effect  wliere  this  is  desired  in  ranch  and 
rustic  style  houses.   Brick  also  has  a  "proper"  look  and  quality  image,  according  to 
builders . 

On  the  other  hand,  several  siding  materials  were  reported  to  have  unfavorable 
appearance  qualities.   About  one  in  six  builders  noted  appearance  shortcomings  of 
certain  sidings,  particularly  aluminum,  fiberboard,  and  asbestos.   Their  comments 
included  "low  price  image,"  "lack  beauty,"  "tract  image,"  and  "not  good  looking." 
Nearly  all  of  these  builders  were  located  in  cities  where  the  materials  involved  are 
commonly  used. 

MAINTENANCE  AND  PERFORMANCE 

Differences  in  maintenance  requirements  and  other  performance  characteristics  among 
siding  materials  contribute  to  geographic  variations  in  siding  use.   Furthermore,  the 
builder  usually  feels  that  using  materials  that  are  as  troublefree  as  possible  is 
necessary  to  prevent  callbacks  and  to  enhance  his  reputation. 

Wood  sidings  offer  some  performance  advantages,  according  to  builders.   In  general, 
wood  sidings  are  considered  strong,  durable,  and  resistant  to  damage.   Builders  in 
northern  cities  noted  the  good  insulating  properties  of  wood.   Fiberboard  and  plywood 
are  considered  warpfree  and  resistant  to  splitting,  and  lumber  and  fiberboard  are 
considered  easy  to  paint  by  some  builders. 

On  the  other  hand,  wood  sidings  have  some  major  shortcomings.   The  most  common 
criticism  of  builders  is  that  wood  sidings  require  painting  (or  staining)  initially-- 
that  subsequent  paint  maintenance  is  needed.   In  the  Southwest,  extreme  heat  and  dry- 
ness result  in  short  paint  life  (several  builders  mentioned  "no  more  than  2  years"); 
this  is  the  main  reason  for  low  wood  use  in  that  area.   In  other  areas,  maintenance 
problems  are  not  so  severe  but  some  paint  peeling  on  lumber  and  fiberboard,  and  staining 
and  bleeding  on  wood  shakes  were  reported. 

Instability  was  another  criticism  made  of  wood  sidings--checking  of  plywood  sui - 
face,  warp  and  shrinking  of  lumber,  and  buckling  and  shrinkage  of  fiberboard.   All 
detract  from  the  appearance  of  the  siding;  shrinkage  after  the  siding  is  installed,  for 
example,  results  in  unpainted  gaps  along  the  edges  of  sidings  such  as  lap  and  board  and 
batten. 

Comments  on  maintenance  and  performance  of  nonwood  sidings  were  mostly  favorable. 
Aluminum,  brick,  asbestos,  stucco,  and  vinyl  are  generally  considered  maintenance-free. 
Some  builders  did  however  cite  shortcomings  of  aluminum--it  "pops"  due  to  expansion 
when  temperature  changes,  it  dents  easily  from  hail,  and  is  difficult  to  repair  if 
j  damaged. 

Figure  3  gives  an  overall  picture  of  builders'  comments  on  the  maintenance  and 
other  performance  characteristics  of  siding  materials.   The  effect  of  these  factors  on 
) builders'  use  of  wood  varies  among  individual  sidings  and  by  geographic  areas,  but  non- 
wood  sidings  are  generally  favored  over  wood  sidings  in  terms  of  maintenance  and  per- 
formance. 


WOOD  SIDINGS 


NONWOOD  SIDINGS 


35%  CITED 
DISADVANTAGES 


11%  CITED 
ADVANTAGES 

54%  NO  COMMENT 


61%  CITED 
ADVANTAGES 


5%  CITED 
DISADVANTAGES 


34%  NO  COMMENT 


MAINTENANCE 


MAINTENANCE 


46%  CITED 
DISADVANTAGES 


22%  CITED 
ADVANTAGES 


32%  NO  COMMENT 


18%  CITED 
DISADVANTAGES 

11%  CITED 
ADVANTAGES 


71%  NO  COMMENT 


OTHER  PERFORMANCE  CHARACTERISTICS 


OTHER  PERFORMANCE  CHARACTERISTICS 


Figure  3.  --Builders'  comments 
on  maintenance  and  other 
performance  characteristics, 
wood  and  nonwood  sidings. 

BUYERS'  INFLUENCE 


Home  buyers  have  a  strong  influence  on  builders'  choice  of  siding  as  a  result  of 
their  regional  preferences  for  certain  materials--shakes  in  the  Northeast,  stucco  in 
the  Southwest,  brick  in  individual  cities.   Home  buyers  were  not  contacted;  therefore, 
it  was  not  possible  to  identify  firsthand  what  leads  to  these  preferences.   Builders 
indicate  that  maintenance,  insulation,  image,  and  other  factors  contribute. 

Home  buyers  also  have  a  direct  influence  on  siding  use  when  they  are  given  options 
on  siding.   Among  the  builders, 

29  percent  offered  a  choice  of  any  siding  material 

28  percent  offered  a  limited  choice  of  siding  material 

13  percent  limited  choice  of  siding  to  only  most  expensive  homes 

30  percent  did  not  offer  choices  or  options  on  siding. 

Many  builders  indicated,  however,  that  buyers  usually  ask  the  builder's  advice  on  which 
siding  he  should  choose,  and  frequently  select  the  type  shown  on  model  homes.   There- 
fore, the  builder  has  considerable  influence  even  when  the  buyer  has  a  choice.   Some 
builders  also  limited  the  choice  of  siding  to  those  materials  that  are  similar  in  cost, 
or  offered  other  sidings  on  an  "at  cost"  basis.   In  addition,  several  builders  limited 
the  buyer's  choice  to  secondary  siding  (trim  or  accent  panels). 


About  one-third  of  the  builders  used  siding  as  a  sales  feature  of  the  house.   Brick 
and  aluminum  were  featured  as  "maintenance-free,"  fiberboard  and  lumber  as  "easv 
maintenance,"  and  a  few  builders  used  guarantees  offered  by  fiberboard  manufacturers  as 
a  sales  point.   Appearance  of  lumber  and  fiberboard  was  occasionally  used  as  a  sales 
point.   Overall,  however,  builders  indicated  that  siding  is  not  a  major  sales  feature 
because  buyers  more  or  less  take  siding  for  granted,  particularly  in  the  case  of 
materials  that  are  common  and  preferred  in  the  area. 

In  a  few  cities,  builders  reported  land  developers  require  that  a  certain  pro- 
portion (usually  50  percent  or  more)  of  each  house  be  brick  sided.   Reportedly  this  is 
to  insure  property  values  through  use  of  a  "permanent"  good-looking  siding  and  to 
achieve  a  look  of  compatibility  and  prestige  in  the  development. 

COSTS 

The  installed  cost  of  siding  has  some  effect  on  siding  choice,  but  it  is  not  the 
deciding  factor  in  most  cases.   For  example,  the  installed  cost  for  brick  is  higher 
than  for  other  sidings,  but  the  extent  to  which  brick  is  used  even  in  lower  priced 
homes  indicates  that  local  preferences  often  take  precedent  over  lower  cost  alter- 
natives.  On  the  other  hand,  cost  appears  to  weigh  heavily  in  builders'  choice  of 
board  or  sheet  type  sidings.   One  of  the  main  reasons  builders  gave  for  not  using  more 
overlaid  siding  or  vinyl  siding  is  that  it  costs  more  than  other  materials.   If  a 
siding  costs  much  more  than  fiberboard  or  aluminiom,  for  example,  it  is  competing  with 
brick.   Several  builders  said  they  would  prefer  brick  to  a  high-cost  sheet  or  board 
siding  because  brick  is  considered  a  prestige  siding. 

Costs  vary  among  individual  builders  because  of  differences  in  grade  or  quality 
of  materials  used  and  differences  in  methods  of  allocating  labor  cost.   Brick  siding 
does  cost  considerably  more  in  cities  in  the  North  than  in  cities  in  the  South 
(table  1).   Most  of  this  cost  difference  is  because  of  the  wage  differential  for  brick- 
layers . 


Table  1. --Average  costs  per  square  foot  for  purchase  installation, 


and 

finishing 

of  siding  materials^ 

: 

Purchase 

: 

; 

Siding  materi. 

al  : 

price 

:   Installation   : 

Finishi 

ng 

:  Total 

-  -  -  - 

-  -  Dollars  per  square 

foot  - 

Aluminum 

0.27 

0.17 



0.44 

Brick,  North2 

.49 

.81 

-- 

1.30 

Brick,  South2 

.36 

.35 

-- 

.71 

Fiberboard 

.22 

.13 

.09 

.44 

Lumber 

.24 

.13 

.10 

.47 

Plywood 

.20 

.13 

.11 

.44 

Stucco^ 

-- 

-- 

-- 

.35 

-These  are  averages  of  1965  and  1966  costs  as  reported  by 
builders,  based  on  their  records  or  estimates.   No  attempt  was  made 
to  adjust  for  differences  in  quality  of  materials  used. 

^North:   Albany,  Buffalo,  Lincoln,  Milwaukee,  Philadelphia, 
Richmond,  and  St.  Louis.   South:   Augusta,  Dallas,  Denver,  Lexington, 
and  Mobile. 

^Cost  breakdown  not  available. 


INSTALLATION  AND  FINISHING 

Wood  sidings  are  generally  considered  easy  to  install.   Builders  feel  wood  sidings 
are  easy  to  cut  and  fit  with  conventional  tools  and  do  not  require  special  skills. 
Some  other  specific  advantages  reported  were:   lumber  is  lightweight  and  rigid,  which 
makes  it  easy  to  handle;  fiberboard  comes  in  uniform  lengths,  which  minimizes  waste; 
plywood  is  easy  to  install  because  it  comes  in  large  sheets.   Several  builders  (mostly 
those  who  build  one-story  brick  or  block  houses)  purchased  prefabricated  gable  end 
roof  trusses  with  plywood  or  fiberboard  siding  already  installed,  which  reportedly 
reduces  labor  costs. 

Several  builders  reported  some  installation  problems  with  lumber:   "it  splits"; 
"warp  and  odd  lengths  create  waste."  Only  a  few  builders  had  used  overlaid  wood  sidings 
and  although  these  apparently  are  readily  workable  (sawing,  fitting,  etc.)  they  are 
reportedly  subject  to  damage  during  installation.   The  few  comments  on  installing  non- 
wood  sidings  included:   "aluminum  is  lightweight  to  handle  but  dents  easily";  "brick 
requires  skilled  labor";  "using  aluminum  means  dealing  with  a  separate  applicator  crew"; 
"brick  is  difficult  to  work  with  in  cold  weather."  Comments  of  builders  on  siding 
installation  are  summarized  in  figure  4. 

Raised  grain,  flat  grain,  and  other  irregularities  cause  problems  when  painting 
lumber  and  plywood  siding.   Fiberboard,  in  contrast,  is  considered  an  easy  material  to 
paint  because  of  its  smooth  uniform  surface.   However,  some  builders  feel  that  the 
prepriming  on  fiberboard  is  too  thin  to  serve  as  the  primer  coat. 


13%  CITED  DISADVANTAGES 
OF  WOOD  SIDINGS 


17%  CITED  DISADVANTAGES 
OF  NONWOOD  SIDINGS 


31%  NO  COMMENT 


30%  CITED  ADVANTAGES 
OF  WOOD  SIDINGS 


9%   CITED  ADVANTAGES 
OF  NONWOOD  SIDINGS 


Figure  4. --Builders'  comments 
on  installation  of  siding 
materials. 


AVAILABILITY  AND  SUPPLY  SERVICES 


Availability  of  siding  and  suppliers'  services  are  not  generally  considered  to  be 
critical  factors  in  the  builders'  choice  of  siding.   Siding  availability  is  mostly  good 
and  suppliers'  services  are  adequate.   For  many  builders,  siding  is  just  one  part  of 
the  overall  construction  materials  package  and  their  choice  of  suppliers  is  based  on 
receiving  good  service  on  a  wide  range  of  building  items. 

Retail  yards  are  the  most  common  source  of  wood  sidings.  Over  three-fourths  of 
the  builders  who  use  lumber,  plywood,  or  fiberboard  purchase  these  sidings  from 
retailers  (table  2).  In  terms  of  volume,  however,  manufacturers  and  wholesalers  are 
also  major  suppliers.  Retailers  are  used  more  often  by  builders  who  purchase  only 
small  quantities  of  wood  sidings,  such  as  small  builders  (who  build  few  houses),  and 
builders  who  use  wood  siding  mostly  for  such  features  as  accent  panels,  etc.  Whole- 
salers and  applicators  are  major  supply  sources  for  aluminum  siding. 

Builders  use  a  number  of  different  supply  sources  for  siding,  but  no  substantial 
differences  in  suppliers'  services  (prompt  delivery,  credit,  discounts,  etc.)  were 
cited.   However,  about  one-fifth  of  the  builders  who  used  lumber  siding  noted  that  it 
was  difficult  to  obtain.   They  were  mostly  builders  who  used  only  a  small  volume  of 
lumber  siding  and  purchased  from  retailers.   About  15  percent  of  the  builders  indicated 
that  information  on  siding  is  lacking.   Mostly  their  comments  pertained  to  wood  sidings: 
"need  more  information  on  buckling  of  fiberboard,"  "more  information  on  painting  wood 
needed,"  "better  price  and  grade  information  of  lumber  siding,"  "wood  needs  more 
promotion. " 


Table  2. --Supply  source  for  selected  siding  materials, 
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of  builders. 

and  percent  of  vo 

lumel 

Supply   : 

Lumb 

er 

Ply woo 

d     : 

Fiberbo 

ard 

:    Aluminurr 

1 

source   : 

Builders 

:Vol. 

Builders  : 

Vol.  : 

Builders 

:  Vol. 

:  Builders  ; 

Vol. 

Retailer 

79 

41 

73 

26 

82 

50 

32 

9 

Wholesaler 

3 

3 

4 

20 

6 

26 

32 

78 

Manufacturer 

18 

56 

9 

52 

6 

21 

5 

-- 

0ther2 

-- 

-- 

14 

2 

6 

3 

51 

13 

^Percent  of  builders  based  on  number  who  purchased  the  siding  material  from  each 
source.   Percent  of  volume  based  on  how  much  purchased  from  each  supply  source. 

2"0ther"  for  plywood  and  fiberboard--prefabricators  who  supply  siding  installed  on 
roof  truss  gable  ends;  "other"  for  aluminum--primarily  applicators  who  supply  and  install 
the  siding. 


MARKET  OUTLOOK  FOR  WOOD  SIDINGS 

The  desire  on  the  part  of  some  home  buyers  for  "genuine,"  "authentic,"  and 
"traditional"  sidings  will  probably  assure  a  continuing  demand  for  such  siding  material 
as  lumber,  shake,  and  brick.   Rough-sawn  lumber  and  plywood  sidings  have  become  highly 
popular  in  some  cities  because  of  their  rustic  effect.   These  esthetic  requirements  of 
some  builders  and  home  buyers  can  probably  be  met  only  by  "real"  wood  sidings.         i 

On  the  other  hand,  a  large  segment  of  the  siding  market  is  not  strongly  committed 
to  any  one  material.   Although  the  general  trend  toward  more  expensive  homes  is 
currently  encouraging  the  use  of  "authentic"  sidings  such  as  lumber  and  brick,  builders 
comments  on  what  sidings  they  expect  to  use  in  the  future  indicate  an  interest  in  new 
siding  materials  that  solve  problems  of  performance  and  maintenance  and  reduce  costs. 
Several  builders  who  recently  changed  to  aluminum  siding  said  they  made  this  change 
because  of  the  buyer's  request.   Apparently  advertising  aimed  at  the  home  buyer  has 
been  successful  in  promoting  aluminum. 

It  seems  likely  that  all  competing  sidings  will  have  to  measure  up  to  a  certain 
minimum  level  for  all  criteria  including  cost,  maintenance,  suitable  appearance,  and 
workability.   Among  several  nonmasonry  sidings,  total  installed  costs  differ  by  only 
a  few  cents  per  square  foot.   This  permits  greater  influence  of  noncost  factors  on 
choice  of  siding  even  if  the  builder  has  fairly  rigid  cost  objectives  or  limitation. 
It  is  notable  also  that  vinyl  and  overlaid  wood  sidings  are  not  widely  used  as  yet,    ( 
apparently  because  of  higher  installation  costs,  even  though  they  have  other  favorable 
characteristics . 

I 

It  appears  then  that  some  improvements  in  wood  sidings  must  be  made  if  these  are 

to  remain  competitive,  particularly  if  certain  disadvantages  of  competing  sidings  are 
to  be  overcome.   Improvements  needed  in  wood  sidings  include;  reducing  maintenance, 
improving  stability  (warping  and  checking),  providing  more  technical  and  promotional 
information,  and  preventing  periodic  shortages  at  the  builder  level. 
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INTRODUCTION 

Artificial  regeneration  has  increased  markedly  during  recent  years.   Between  1950 
and  1960  the  number  of  acres  planted  annually  in  the  United  States  by  all  agencies  in- 
creased from  about  500,000  to  2,100,000.   Subsequently,  planting  declined  but  has  ap- 
parently leveled  off  at  about  1,500,000  acres  per  year  (SIJ.'-  To  provide  enough  nurs- 
ery stock  for  this  tempo  of  planting,  production  of  seed  of  good  genetic  quality  needs 
to  be  increased  and  stabilized. 

Seed  production  areas  and  seed  orchards  have  been  established  to  fill  this  need. 
A  seed  production  area  is  typically  a  stand  of  desirable  trees  set  aside  for  seed 
production  and  usual 1\'  given  special  cultural  treatments  to  increase  seed  production. 
In  contrast,  a  seed  orchard  is  a  plantation  of  trees  (established  by  grafting  or  from 
cuttings  or  seedlings j  tliat  have  been  rigorously  selected  and  liavc  been  or  are  being 
tested  to  determine  their  genetic  worth.   Typically,  seed  production  areas  provide  a 
temporary  source  of  seed  until  seed  orchards  come  into  production  and  provide  markedly 
improved  seed.   Tlie  number  of  seed  production  areas  is  increasing  rapidly- -already 
10,068  acres  are  now  devoted  to  this  use  in  the  United  States  (51). 

In  1959  tiie  Northern  Region  of  the  U.S.  Forest  Service  (Region  1)  established  a 
western  white  pine  seed  production  area  near  Cathedral  Peak  in  Coeur  d'Alene  National 
Forest  to  provide  good  quality  seed  from  a  highly  regarded  source.   Fxperiments  were 
begun  in  this  area  to  determine  the  effects  of  thinning  and  fertilizing  upon  tree,  cone, 
and  seed  traits  as  well  as  on  growth  (24J . 

BACKGROUND 

Literature  describing  the  establishment  and  management  of  seed  production  areas 
has  been  summarized  by  Rudolf  {22,    23)    and  Zobel  et  al .  (55).   A  general  review  of 
factors  affecting  seed  production,  including  insect  and  disease  problems,  was  published 
by  lioekstra  et  al.  (15J;  and  Mattiiews  (16)  published  an  excellent  review  of  seed  produc- 
tion.  A  brief  review  of  the  differentiation  of  floral  primordia  and  the  effects  of 
thinning  and  fertilizing  upon  strobilus  and  cone  production^  of  fruiting-age  trees  is 
pertinent  to  the  results  presented. 

The  stage  of  physiological  development  of  a  tree  and  tiie  time  of  differentiation 
of  floral  buds  are  two  of  the  most  important  factors  affecting  cone  production.   It 
is  well  known  that  juvenile  trees  ty]-iicall\'  do  not  flower,  whereas  those  in  the  adult 
stage  are  physiologicall)'  capable  of  flowering.   In  this  paper  we  are  concerned  on]\- 
with  trees  in  the  adult  stage  and  witli  the  factors  that  stimulate  primordium  and 
cone  production. 

The  time  of  visual  recognition  (microscopic  and  macroscopic)  of  floral  primordia 
in  the  soft  pines  is  later  than  in  the  hard  pines.  Present  evidence  indicates  that 
hard  pines  are  typically  more  advanced  in  primordium  development  at  any  given  time  than 


'Numbers  in  parentheses  refer  to  items  in  Fiterature  Cited. 

^To  distinguish  between  two  arbitrary  develoiimental  stages  of  the  female  repro- 
ductive organ  in  this  paper,  the  term  strobilus  is  used  to  designate  this  structure  as 
the  newly  formed  organ,  while  the  overwintering  form  and  all  stages  thereafter  are 
termed  cone. 


soft  pines;  thus  it  is  not  unreasonable  to  expect  that  the  beginning  of  differentiation 
of  floral  structures  may  be  earlier. 

Male  and  female  strobili  of  ponderosa  pine  and  Austrian  pine  are  detectable  by  eye 
in  September.   Mergen  and  Koerting  (17)  reported  that  male  and  female  floral  primordia 
of  slash  pine  were  recognizable  by  mid-July  and  late  August,  respectively,  of  the  year 
before  flowering.   However,  floral  primordia  of  soft  pines  are  not  as  easily  detectable. 

In  repeated  histological  work  witli  eastern  white  pine,  Ferguson  (8j  was  never 
able  to  find  male  strobili  in  the  fall.   They  were  visible  only  by  late  April  or 
early  May  of  the  year  of  flowering.   She  found  female  strobili  visible  [histologically) 
only  in  late  April  or  early  May. 

Owston  (19)  found  no  reproductive  primordia  in  fall  and  winter  buds  of  young 
eastern  white  pine  even  though  female  cones  were  present  on  some  study  trees. ^  He 
believed  this  was  due  to  lack  of  visible  differentiation  until  the  following  spring. 
Although  the  same  might  be  true  for  male  strobili,  Owston's  trees  produced  negligible 
numbers  of  male  cones,  and  failure  to  identify  them  could  well  have  been  due  to  their 
absence  from  the  samples.   Owston  found  the  developmental  cycle  in  southeastern  Michigan 
such  that  male  primordia  might  be  differentiated,  but  not  necessarily  visible,  in 
early  July.   Female  cones  might  be  differentiated  toward  the  end  of  August,  but  would 
not  look  any  different  than  vegetative  primordia  until  the  following  spring. 

Stephens  (28)  found  fully  differentiated  male  strobili  in  mid-November  collections 
of  terminal  buds  from  four  eastern  white  pine  trees,  but  not  in  late  August  collections. 
However,  he  did  not  report  finding  male  strobili  in  all  trees;  hence  it  is  possible 
that  considerable  variation  might  exist  among  individual  trees.   Although  differentia- 
tion of  female  primordia  "may  possibly  occur  the  season  prior  to  flov;ering,"  the 
"actual  development  of  the  strobili  does  not  occur  until  resumption  of  growth  by 
the  bud  in  early  spring,"  Stephens  said. 

Konar  and  Ramchandani  (14)  working  with  Pinus  wallichiana  Jacks.  (=P.  griffithii 
McClelland)  reported  that  male  strobili  were  "initiated"  from  the  middle  of  October 
to  the  beginning  of  November  and  female  strobili  were  "initiated"  in  February.   In 
short,  evidence  indicates  that  in  the  soft  pines,  (a)  male  primordia  are  differentiated 
and  microscopically  visible  before  female  primordia  and  (b)  that  male  primordia  are 
microscopically  visible  in  late  fall,  but  for  female  primordia  differentiation  occurs 
in  the  spring  of  the  following  year. 

Generally,  the  release  of  seed  trees  increases  production  of  strobili  and  cones; 
cone  production  is  inversely  proportional  to  stand  density  (1,  5,  b,  10,  20,  52). 
Florence  and  McWilliam  (9)  found  that  the  stand  density  that  maximizes  cone  production 
per  tree  is  much  lower  than  one  giving  maximum  production  per  acre.   For  young  slash 
pine,  the  density  for  optimum  production  was  approximately  120  trees  per  acre.   Pollen 
production  closely  followed  the  trends  in  cone  production.   Allen  and  Trousdell  (1) 
found  that  release  significantly  increased  the  proportion  of  sound  seed  of  loblolly 
pine;  Reukema  (21)  observed  no  increase  in  sound  seed  following  thinning  of  Douglas- 
fir  stands.   In  years  of  generally  light  strobilus  formation,  release  apnarently 
has  little  effect  on  strobilus  production  (20,  21). 

Fertilizing  is  definitely  known  to  stimulate  cone  and  seed  production  in  numerous 
forest  species,  but  results  are  too  varied  to  permit  a  definite  prescription  (16). 
The  amount  of  response  depends  greatly  upon  the  genetically  determined  ability  to 
flower,  kind  and  time  of  treatment,  and  conditions  of  the  environment.  Steinbrenner 


^Also  personal  communication  from  P.  W.  Owston,  July  2,  196' 


et  al.  (27)  found  that  a  combined  application  of"  nitrogen  and  phosphoi-us  fertili^ei-s 
increased  cone  length  and  seed  weight  in  Doug  las- fi  r .   i'iie  iiighest  ti-eatment  levels  oi" 
both  fertilizers  caused  the  greatest  increase  in  seed  weiglit  .   Mergen  and  Voight  (18) 
reported  that  fertilizer  treatments  produced  heavier  slasli  pine  seeds.   However,  in  one 
previous  experiment  with  western  white  pine,  fertilizer  was  ineffective  m  stimulating 
strobilus  production  of  fruitmg-age  trees  (2). 

Much  less  is  known  about  fruiting  response  related  to  time  of  differentiation  of 
flower  buds  and  timing  of  cultural  treatments.   Applying  fertilizer  to  precede  or 
coincide  with  differentiation  of  flower  buds  may  marl\edly  increase  cone  production  (30). 
Owston's  investigations  of  eastern  white  pine  in  Michigan  indicated  that  application  of 
fertilizer  in  August  could  influence  existing  priiiiordia  tliat  have  tne  iiotential  for 
becoming  male  cones  and  could  possibly  affect  both  tlie  number  and  condition  uf   tlie 
primordia  that  have  a  female  potential.'*  Since  floral   primordia  could  aljort  ,  presumably 
at  any  time  between  differentiation  and  antliesis,  improving  nutrition  (through  ferti- 
lizing) or  increasing  moisture  availability  (through  thinning)  any  time  after  initia- 
tion could  reduce  abortion  and  thus  increase  the  number  of  strobili  available  for 
pollination  and  subsequent  development.   Some  evidence  of  reduction  of  abortion  is 
aval lable  (27) . 

Insects  may  cause  serious  losses  to  cone  crops  of  both  eastern  and  western  white 
pine  (3,  12).   Larvae  of  the  cone  beetle,  Conophthorus  monticolae  Hopkins,  and  larvae 
of  the  cone  moths,  Eucosma  rescissoriana  Heinrich  and  Dioryctria  abietella  (D.EjS.), 
may  destroy  or  severely  damage  western  white  pine  cones. 

ESTABLISIIMHNT  OF  THE  SEED  PRODUCTION  AREA 
AND  liXPERlMENTAL  DESIGN 

Personnel  from  the  Intermountain  Forest  and  Range  Experiment  Station  and  the 
National  Forest  System  cooperated  in  selecting  the  site  of  tlie  seed  production  area. 
Some  of  the  criteria  for  selection  of  the  site  were:   presence  of  young,  higli  quality 
trees  in  natural  stands  or  plantations;  trees  in  plantation  from  a  known  source; 
presence  of  cones  on  trees;  accessibility  of  site  in  spring  and  fall;  flatness  of 
terrain;  absence  of  debris  and  brush;  proximity  to  water;  and  homogeneity  of  soil. 
Meeting  all  these  requirements  was  difficult.   The  site  selected  from  15  alternatives 
on  the  Coeur  d'Alene  National  Forest  was  a  young  plantation  that  was  producing  excep- 
tionally large  numbers  of  cones,  and  it  was  located  on  relativel\'  level  terrain.   llie 
growth  of  this  stand  exceeded  that  of  natural  western  white  pine  stands  of  comparable 
age  (4).   Some  disadvantages  were  its  relative  inaccessibi li t\- ,  lack  of  water,  and  lack 
of  exact  infoi'mation  about  the  provenance  of  tlie  planted  stock  it  originated  from. 

In  September  1959,  two  areas  (Units  1  and  2),  each  approximately  3  acres  and 
located  about  1  mile  apart,  were  selected  in  a  40-year-old  plantation  near  Cathedral 
Peak,  Coeur  d'Alene  National  Forest,  Shoshone  County,  Idaho.   Later  that  fall,  each 
unit  was  subdivided  and  thinned.   One  subunit  was  thinned  to  a  spacing  of  approximately 
30  by  30  feet  (48  trees  per  acre)  and  the  other  to  20  by  20  feet  (109  trees  per  acre) . 
Before  thinning,  the  spacing  was  approximately  9  by  9  feet  (538  trees  per  acre). 

Seed  trees  were  selected  on  the  basis  of  freedom  from  lethal  blister  rust  cankers, 
spacing,  fruitfulness ,  form,  and  vigor.   When  the  area  was  thinned,  a  small  amount  of 
slash  was  chipped.   The  remainder  of  the  slash  was  chipped  in  June  and  July  19bU,  and 
left  in  piles.   Tree  boles  too  large  to  chip  were  piled  within  the  area.  Trees  were 
pruned  to  about  S  feet,  and  14-incli  aluminimi  bands  were  attached  to  all  trees  to  pre- 
vent squirrels  from  cutting  the  cones.   I'he  total  cost  for  establishment  of  the  area, 
excluding  overhead  and  research  costs,  was  about  :;il,000  per  acre.   Because  of  tlie  high 
cost  of  thinning,  chipping,  and  clearing,  isolation  strips  were  not  provided. 

^Ibid. 


In  June  1960,  three  circular  1/10-acre  sample  plots  were  established  in  each  sub- 
unit  and  three  in  the  unthinned  plantation  surrounding  each  unit.   Thus,  nine  sample 
plots  were  established  in  or  near  each  of  the  two  units. 

Thinning  did  not  produce  the  planned  number  of  trees  per  acre  on  the  sample  plots. 
Angle  summation  (25)  and  counts  of  number  of  trees  per  1/10-acre  plot  in  1962  indicated 
that  the  actual  average  spacing  on  the  six  thinned  sample  plots  in  Unit  1  was  similar: 
87  and  84  trees  per  acre  for  the  20-foot  and  50-foot  spacings,  respectively.   In  Unit 
2,  spacings  of  the  thinned  stands  were  substantially  different:  95  trees  per  acre  for 
the  20-foot  spacing  and  60  trees  per  acre  for  the  50-foot  spacing.   Combined  data  for 
both  units  indicated  the  difference  in  density  [angle  summation  data)  between  the 
20-foot  and  50-foot  spacings  was  not  significant  (P>.10).   In  analysis  of  data  for  the 
three  levels  of  spacing,  the  most  significant  results  were  the  differences  between 
thinned  and  unthinned  stands. 

In  each  level  of  spacing,  two  of  the  three  plots  were  fertilized  in  August  1960 
and  1961  to  coincide  with  early-fall  precipitation.  Fertilizer  treatments  were  assigned 
at  random.   One  plot  received  approximately  500  pounds  per  acre  each  of  nitrogen  (N) , 
phosphorus  pentoxide  (P2O5) ,  potassium  oxide  (K2O)  in  a  15-15-15  commercial  fertilizer.^ 
The  per-acre  application  rates  for  elemental  nitrogen,  phosphorus,  and  potassium  were 
approximately  512,  156,  and  259  pounds,  respectively.   This  treatment  was  designated 
NPK.   The  other  fertilized  plot  received  approximately  500  pounds  per  acre  of  elemental 
nitrogen  in  the  form  of  ammonium  nitrate  (NHLtN03)  .    The  third  plot  was  untreated. 

The  three  dominant  trees  nearest  to  plot  center  were  selected  as  sample  trees  for 
counts  of  male  and  female  strobili  and  for  cone  collections.   Additional  cone  collec- 
tions were  made  in  the  next  three  dominant  trees  closest  to  plot  center. 

In  late  June  or  early  July  of  1960,  1961,  and  1962,  each  of  the  three  sample  trees 
nearest  to  plot  center  was  climbed,  and  the  male  and  female  strobili  were  counted. 
Each  year  the  numbers  of  strobili  and  cones  were  recorded  for  all  branches  in  whorls 
originating  from  1954  through  1957;  some  strobili  and  cones  were  counted  on  whorls  1955 
to  1958.   An  analysis  of  variance  of  1961  strobilus  production  data  indicated  between- 
tree  variance  was  approximately  twice  that  of  between-whori  variance.   Consequently 
in  1962,  strobilus  and  cone  counts  were  made  on  six  sample  trees  instead  of  three.   The 
strobilus  count  of  1  year  was  checked  and  corrected  by  the  cone  count  of  the  following 
spring . 

In  late  August  or  early  September  of  1960,  1961,  and  1962,  cones  were  counted  and 
collected  from  the  six  sample  trees.   Climbers  were  instructed  to  collect  six  unin- 
fested  cones  from  the  sample  whorls.  The  number  of  cones  and  their  condition  (infested 
or  uninfested)  on  the  sample  whorls  were  recorded  at  that  time.   In  the  unthinned 
plots,  cones  were  covered  by  cloth  bags  before  collection  to  nrevent  squirrel  cutting. 

The  cones  from  each  sample  tree  were  spread  out  to  dry  in  a  greenhouse.   Seeds 
were  extracted  with  extreme  care  and  cone  lengths  were  measured.   Seeds  were  dewinged 
and  winnowed,  and  hollow  and  sound  seeds  were  counted;  sound  seeds  were  weighed. 

Despite  precautions,  some  infested  cones  were  collected.  In  1961  and  1962,  insect 
attack  was  so  heavy  that  infested  cones  had  to  be  collected  from  some  trees.  Seed  from 
infested  cones  was  extracted  separately. 

Branches  for  male  strobilus  counts  were  chosen  at  midcrown  in  the  center  of  the 
male-flowering  portion  of  each  saiiiple  tree.   One  branch  was  selected  on  the  north  side 
and  one  on  the  south  side  of  the  tree.  Male  strobilus  clusters  were  counted  on  these 


'Fertilizer  was  supplied  by  Cominco  Products  Inc.,  Spokane,  Washington. 


branches  of  each  of  the  three  sample  trees.   The  nujiiber  of  strobili  per  cluster  was 
determined  by  sampling  and  the  total  number  of  strobili  for  each  branch  was  estimated 
(number  of  clusters  X  average  strobili  per  cluster). 

Analysis  of  variance  was  used  to  determine  the  effects  of  spacing  and  fertilizing 
upon  the  following  variables:  female  strobilus  production,  male  strobilus  production, 
percentage  of  hollow  seed,  seed  weight,  cone  length,  number  of  seed  per  centimeter  of 
cone  lengtli,  seed  production  per  tree,  and  seed  production  per  acre. 

RESULTS 

Female  Strobilus  Production 

Strobilus  production  increased  in  response  to  thinning  (table  IJ .  The  difference 
between  the  thinned  and  unthinned  stands  was  significant  (P<.05)  in  1960  and  highly 
significant  (P<.Orj  in  1961  and  1962.   Strobilus  production  per  whorl  in  the  50-  by 
30-foot  spacing  was  significantly  greater  than  that  in  the  20-  bv  20-foot  spacing  in 
1960  (P<.06)  and  1962  (P<.025). 

Response  to  fertilizing  was  less  marked,  but  strobilus  production  increased 
significantly  in  the  fertilized  plots  in  1961  (P<.05).   This  was  the  first  year 
fertilizer  could  have  been  effective  because  it  was  not  applied  until  the  fall  of  1960. 
In  1962,  strobilus  production  in  the  fertilized  plots  was  33  percent  greater  than  in 
unfertilized  plots,  but  this  difference  was  not  significant  (P-.IO).   Nitrogen  alone 
increased  strobilus  production  as  much  as  did  the  complete  fertilizer.   Fertilizing 
brought  about  a  deep,  blue-green  needle  color  and  increased  needle  length.  The  deep, 
bluish-green  color  was  more  striking  in  NPK  plots  than  in  nitrogen-only  plots. 

Table  1.- -Average  female  strobilus  production  per  whorl  before 
and  after  thinning  (1959)  and  fertilizing  (1960  and 
1961) ,  Units  1  and  2  combined^ 


Spacing  (ignoring  fertilizer)    Fertilizer  (ignoring  spacing) 
Year  Unthinned     20'     30'         Unfertilized     N     NPK 


■Number  of  strobili 


19592  4.2        4.3    5.6         4.3  4.5    5.3 

Thinned 

1960  1.5        2.3    379         2.9  3.0    1.8 

--Fertilized-- 

1961  2.1        7.1    8.5         3.6  770    771"" 

--Fertilized-- 

1962  1.4        3.7    5.9         3.0  4.3    3.7 

^Averages  based  upon  strobilus  counts  for  four  whorls  in  each  of 
three  trees  per  1/10-acre  plot.   The  data  for  1962  are  based  upon  counts 
in  six  trees  per  plot. 

^The  number  of  female  cones  counted  in  the  spring  of  1960  was  used 
to  estimate  production  of  1959  female  strobili  before  thinning  and 
fertilizing. 


Male  Strobilus  Production 

Production  of  male  strobili  was  significantly  greater  (P<.025)  in  the  spring  of 
1960  on  the  trees  released  by  thinning  in  October  1959  than  on  trees  in  the  unthinned 
stand  (table  2).   Male  strobilus  production  was  also  greater  in  the  fertilized  plots 
in  1961  and  1962  than  on  unfertilized  plots,  but  the  difference  was  not  significant 
either  year  (P>.10).   Strobilus  production  in  1962  was  light  and  erratic. 

Cone  Length 

Thinning  caused  a  marked  reduction  in  cone  length  (table  3) .   In  1960  no  effect 
of  treatment  was  noted.   In  1961  the  cones  in  unthinned  plots  were  significantly  longer 
than  those  in  thinned  plots  (P<.025)  and  cones  in  plots  with  20-foot  spacing  were 
significantly  longer  than  those  in  plots  with  30-foot  spacing  (P<.05).   In  1962,  cones 
in  the  unthinned  plots  were  again  significantly  longer  (P<.07)  than  cones  in  thinned 
plots  . 

Cones  in  fertilized  plots  were  significantly  longer  than  those  in  unfertilized 
plots  in  1961  and  1962  (P<.005).   In  1961  cones  in  plots  receiving  complete  fertilizer 
were  significantly  longer  (P<.05)  than  cones  in  plots  receiving  nitrogen  only. 

Sound  Seed  Per  Centimeter  of  Cone  Length 

The  effect  of  thinning  and  fertilizing  upon  the  number  of  sound  seed  per  centimeter 
of  cone  length  was  negligible. 


Table  2. --Average  production  of  male  strobili  per  sample  branch  after 
thinning  (1959)  and  fertilizing  (1960  and  1961),  Units  1  and 
2  combined^ 

Spacing  (ignoring  fertilizer)    Fertilizer  (ignoring  spacing) 
Year  Unthinned     20'    30'         Unfertilized     N     NPK 


-Number  of  strobili- 


- -Thinned- - 

1960  140        303    363         265  305    236 

--Ferti lized- 

1961  409        500    345         379  458    4T6 

--Fertilized- 

1962  119         62     76  8  l02     146 


Average  based  on  estimates  of  strobili  on  each  of  two  branches  on  three 


trees  per  plot. 


Table  5. --Average  cone  length  (cm.)  after  thinning  (19591  and  fertilizing 
(1960  and  1961),  Units  1  and  2  combinedl 

Spacing  (ignoring  fertilizer)    Fertilizer  (ignoring  spacing) 
Year  Unthinned     20'     30'         Unfertilized     N     NPK 

--Thinned-- 

1960  17.4       ITTo    r6.5        16.7  16.8    17.4 

--Ferti lized-- 

1961  18.0       17.2    16.2        15.8  17.2    18.3 

--Fertilized-- 

1962  18.0       17.5    17.1         15.8  18.1    18.4 

Average  cone  length  based  on  an  average  of  six  cones  per  tree,  six 
trees  per  plot  in  1960;  five  cones  per  tree,  four  trees  per  plot  in  1961; 
and  five  cones  per  tree,  six  trees  per  plot  in  1962. 

Percentage  of  Hollow  Seed 

In  all  but  one  instance  no  significant  difference  in  percentage  of  hollow  seed  was 
found  for  the  treatments  during  the  3  years  of  seed  collection.   The  only  exception  was 
in  1962  when  treatment  with  complete  fertilizer  resulted  in  a  significantly  lower  per- 
centage of  hollow  seed  (P<.005)  than  did  treatment  with  nitrogen.   Apparently  there  is 
sufficient  pollen  in  the  thinned  area  to  maintain  adequate  production  of  sound  seed 
on  individual  trees. 

Seed  Weight 

Spacing  had  less  effect  on  seed  weight  than  did  fertilizing  (table  4).   In  1961 
and  1962  the  seed  weight  in  plots  with  30-foot  spacing  was  less  than  that  in  either  the 
unthinned  plots  or  those  with  20-foot  spacing.   In  1961,  the  difference  in  seed  weight 
between  plots  with  20-  and  30-foot  spacing  was  significant  (P<.07). 

Seed  weight  in  fertilized  plots  was  significantly  greater  (P<.005)  than  in  the 
unfertilized  plots  in  1961  and  1962.   Seed  weight  was  5  percent  greater  after  treatment 
with  complete  fertilizer  than  after  treatment  with  nitrogen  in  1961  and  1962,  but  the 
difference  was  not  significant  (P>.10). 

No  significant  difference  (P>.10)  was  found  in  the  weight  of  seed  from  infested 
and  uninfested  cones  regardless  of  treatment. 

Table  4. --Average  weight  per  seed  (mg . )  after  thinning  (1959)  and  fertilizing 
(1960  and  1961),  Units  1  and  2  combined^ 

Spacing  (ignoring  fertilizer)    Fertilizer  (ignoring  spacing) 
Year  Unthinned     20'     30'         Unfertilized     N     NIPK 

- -Thinned- - 

1960  16.2       16.2    16.2        16.0  16.7    15.8 

--Ferti li  zed-- 

1961  20.2       21.9    19.1        17.5  21.4    22.3 

--Ferti li  zed-- 

1962  18.5       18.3    18.0        16.4  18.7    19.8 

^Averages  based  on  seed  collected  from  an  average  of  six  trees  per  plot, 
six  cones  per  tree  in  1960;  four  trees  per  plot,  four  cones  per  tree  in  1961; 
and  six  trees  per  plot,  five  cones  per  tree  in  1962. 
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Seed  Production  Per  Tree 

Data  for  production  of  female  strobili,  cone  length,  and  average  number  of  seed 
per  centimeter  of  cone  length  were  used  to  compute  seed  production  per  tree  (table  5) . 
To  compute  total  strobilus  production  per  tree,  strobilus  production  based  on  the  four- 
whorl  sample  was  doubled.   This  adjustment  was  determined  by  complete  counts  of  strobili 
on  24  trees  that  were  topped  in  1961  and  on  a  second  group  of  12  trees  (untreated  sample 
trees  in  plots  in  the  thinned  stand) .   The  total  count  for  both  groups  was  almost 
exactly  twice  the  number  of  strobili  in  the  four-whorl  sample. 

To  account  for  overwinter  loss,  i.e.,  the  difference  between  number  of  strobili 
produced  and  the  number  developing  into  mature  cones  the  following  spring,  10  percent 
was  deducted  from  the  total  strobilus  production  per  tree  for  each  plot.   This  deduc- 
tion was  based  upon  a  loss  in  strobili  from  June  1960  to  June  1961,  and  from  June  1961 
to  June  1962  of  11  percent  and  8  percent,  respectively. 

Thinning  significantly  increased  per-tree  seed  production  in  1960  (P<.025),  1961 
(P<.005),  and  1962  (P<.005).   Seed  production  in  plots  with  30-foot  spacing  was 
significantly  greater  in  1960  and  1962  than  in  plots  with  20-foot  spacing  (P<.08  and 
P<.05,  respectively). 

Use  of  fertilizer  significantly  increased  production  per  tree  in  1961  (P<.06)  and 
1962  (P<.05).   No  significant  difference  was  found  between  treatments  with  nitrogen  and 
treatments  with  complete  fertilizer. 


Table  5. --Seeds  produced  per  tree  after  thinning  (1959)  and 

fertilizing  (1960  and  1961),  Units  1  and  2  combined 


Spacing  (ignoring  fertilizer)    Fertilizer  (ignoring  spacing) 
Year  Unthinned     20^    30"*         Unfertilized     N     NPK 


1960 
1961 
1962 


--Thinned-- 
8,143      13,540    21,128 

12,549      48,244    53,316 

8,833      25,562    37,638 


16,095     16,533    10,183 
--Fertilized-- 

20,876     467122   477l  1 1 

--Fertilized-- 
17,580     277631    267822 


Seed  Production  Per  Acre 


The  seed  production  per  acre  was  computed  by  multiplying  the  number  of  seed  per 
tree  by  the  actual  number  of  trees  per  acre  (table  6).   The  number  of  trees  per  acre 
was  determined  not  by  simply  computing  tlie  theoretical  number  per  acre  for  9-foot, 
20-foot,  and  30-foot  spacings,  but  by  counting  the  trees  in  each  plot.   For  the  un- 
thinned plots  the  number  of  trees  was  arbitrarily  reduced  by  one-third  before  computing 
seed  production  per  acre.   This  was  done  to  account  for  intermediate  and  suppressed 
trees  that  would  not  produce  as  many  cones  as  the  average  in  unthinned  sample  plots. 
This  reduction  is  thought  to  give  a  conservative  estimate  of  seed  production  in  the 
unthinned  stand. 


In  1960,  the  seed  production  in  the  unthinned  jilots  was  si  j^ni  f  i  cant  Iv  greater  tlian 
that  in  the  thinned  plots  tP^;.07).   In  1961  and  1962,  the  difference  between  seed 
production  in  unthinned  and  thinned  plots  was  not  significant  (P>.10),  although  the 
production  in  unthinned  plots  was  greater  in  both  )-ears . 

Use  of  fertilizer  significantly  increased  seed  production  per  acre  in  19()1  (P-'.05) 
but  not  in  1962  (P>.10j . 


Tab  1 e  6 . - -Seed  production  per  acre  after  thinning  (1959J  and  fertilizing 
(1960  and  1961),  Units  1  and  2  combined 

Spacing  (ignoring  fertilizer)    Fertilizer  (ignoring  spacing) 
Year  Unthinned     20'     30'         Unfertilized     N     NPK 

Thousands  of  seed 


--Thinned-- 

1960  2,912      1,2T2     1,604  2,157      2,265    1,526 

--Pert i li  zed-- 

1961  4,505      4,194    5,652  2,613      4,875    57865 

--Pert i li  zed- - 

1962  5,182      2,250    2,794  2,599      5,187    27640 


Infestation  by  Cone  Insects 

The  number  of  cones  infested  with  larvae  of  cone  moths  (primarily  Eucosma 
rescissoriana  Heinrich)  was  estimated  in  1960,  1961,  and  1962  (table  7).   The  thinned 
plots  consistently  showed  greater  loss  than  the  unthinned  plots.   In  1961,  the  loss 
in  seed  production  in  Unit  1  was  serious,  but  in  Unit  2  it  was  catastrophic:   of  the 
52  trees  bearing  cones  in  the  spring  in  the  six  plots  in  the  thinned  stand  of  Unit  2, 
only  four  trees  bore  uninfested  cones  in  the  fall.   Only  5  percent  of  the  total  cones 
borne  in  spring  by  these  52  trees  was  uninfested  when  cones  were  collected  in  late 
August.   Although  cone  insects  do  not  ordinarily  destroy  the  entire  cone  (5),  the 
damage  is  serious.   In  1961  and  1962,  damage  was  great  enough  to  preclude  cone  col- 
lection throughout  the  thinned  stand.   In  1962,  insect  activity  was  apparently  somewhat 
greater  in  the  adjacent  unthinned  area  than  it  had  been  in  previous  years. 

Genetic  Gain 

At  most,  little  genetic  gain  in  growth  rate  can  be  expected  among  trees  reared 
from  seed  collected  in  the  Cathedral  Peak  Seed  Production  Area.   The  selection  intensity 
(only  about  15  percent),  method  of  selection,  and  heritability  preclude  achievement  of 
more  than  minimal  gain  for  any  given  trait,  such  as  growth  rate. 

Seed  trees  were  selected  for  the  following  characteristics  in  descending  order  of 
importance:  freedom  from  blister  rust,  spacing,  seed  production,  freedom  from  recurrent 
forking,  good  vigor,  long  crowns,  and  fine  branching.   Seed  trees  were  chosen  for 
several  characters  that  probably  have  no  significant  correlation  with  growth  rate. 
Consequently  the  growth  rate  of  selected  trees  may  not  be  significantly  different  from 
the  mean  of  the  whole  population.   Also,  as  Lush  (15)  demonstrated,  the  gain  for  any 
one  character  rapidly  diminishes  as  the  number  of  uncorrelated  traits  selected  in- 
creases.  A  low  heritability  for  growth  traits  apparently  operates  in  juvenile  western 
white  pine,  according  to  Squillace  et  al .  (26)  and  Hanover  and  Barnes  (11).   This  also 
would  act  to  reduce  the  potential  gain. 


Table  7  .---Estimated  percentages  of  cones  infested  by  insects  in  sample 
trees,  Units  1  and  2  combined 

Spacing 


Year  Unthinned  20'  50' 

1960^  10.0  15.0  52.2 

196X2  118  56,4  558 

1962^  22.0  69.7  79.2 

^Estimates  based  on  fall  examinations  of  all  cones  counted  in 
sample  trees  in  the  spring  of  1960.   Besides  visibly  infested  cones, 
missing  cones  and  cones  that  squirrels  liad  cut  were  presumed  infested. 

^Estimates  based  on  the  number  of  cones  infested  out  of  the  six 
best  cones  collected  from  each  tree.   This  estimate  is  conservative 
since  it  does  not  consider  many  trees  where  collections  were  not  made 
because  all  cones  were  infested. 

^In  thinned  areas,  estimates  were  based  on  fall  examination  of 
all  cones  counted  in  sample  trees  in  the  spring  of  1962.   In  the  un- 
thinned plots,  only  cones  on  the  tree  at  time  of  the  fall  examination 
formed  the  basis  of  the  estimate,  but  many  of  them  had  been  cut  by 
squirrels  . 

Finally,  no  isolation  strip  was  provided.   The  thinned  areas  were  completely  sur- 
rounded by  unselected  trees,  and  abundant  exchange  of  pollen  is  highly  iirobable. 

DISCUSSION 

The  most  interesting  result  was  the  significant  increase  (approximately  14  per- 
cent) in  production  of  male  strobili  that  occurred  in  the  spring  following  heavy  thin- 
ning in  early  October.   This  is  apparently  no  anomaly  since  observations  in  thinned 
and  unthinned  portions  of  the  stand  confirmed  tlie  counts  of  strobili.   It  is  reasonable 
to  suppose  that  the  thinnings  acted  to  produce  a  more  favorable  physiological  condition 
for  (a)  differentiation  of  strobili  if  this  occurred  after  thinning  and/or  (b)  prevent- 
ing abortion  of  strobili  if  thinning  occurred  after  differentiation  of  f lowerbuds . 
Until  further  information  is  available  on  the  differentiation  of  f lowerbuds  of  western 
white  pine,  it  would  seem  that  either  or  both  of  these  possibilities  may  explain  the 
findings . 

Considerable  abortion  of  female  flower  buds  is  known  to  occur  in  the  spring  before 
pollination,^  and  this  also  is  probably  true  for  male  flower  buds.   Thus,  a  working 
hypothesis  is  that  abortion  is  a  constant  process  that  starts  soon  after  differentiation 
of  floral  initials  and  continues  after  pollination.   Abortion  may  be  directly  affected 
by  the  physiological  condition  of  the  shoot  and  subject  indirectly  to  cultural  treat- 
ments that  alter  this  condition. 

Applications  of  fertilizer  late  in  the  summer  of  1960  resulted  in  a  96-percent 
increase  in  production  of  female  strobili  in  1961.   Whether  more  buds  were  differen- 
tiated or  less  abortion  occurred  after  differentiation  was  completed  is  unknown. 
Stephens  (29)  had  similar  results  in  an  eastern  white  pine  stand  in  Connecticut.   He 
found  that  applying  fertilizer  in  late  July  stimulated  strobilus  production  the  fol- 
lowing year,  but  that  treatment  in  early  April  the  following  year  failed.   The  dif- 
ference of  approximately  1  month  in  time  of  summer  application  of  fertilizer  between 


^Personal  communication,  R.  T.  Bingham,  Intermountain  Forest  and  Range  Experiment 
Station,  July  10,  1967. 
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the  Idaho  and  Connecticut  experiments  probably  is  not  important.   In  northern  Idaho, 
summers  are  hot  and  exceedingly  dry.   Therefore,  applications  were  made  to  coincide 
with  the  first  early  fall  precipitation,  which  typically  occurs  in  late  August  or  early 
September.   It  would  have  been  important  to  fertilize  earlier  if  the  summer  season  had 
been  relatively  wet. 

As  was  observed  in  1960,  the  technique  for  sampling  male  strobili  was  adequate  to 
register  only  major  changes  in  production.   Apparently  neither  thinning  nor  fertilizing 
modified  the  large  year-to-year  differences. 

The  practical  significance  of  this  study  is  now  essentially  academic  since  unim- 
proved stock  of  western  white  pine  is  not  planted  at  present  in  the  Rocky  Mountains 
because  of  inability  to  protect  this  species  from  white  pine  blister  rust  (7).   However, 
several  comments  are  appropriate  since  similar  conditions  may  exist  for  other  species 
in  this  region  and  elsewhere. 

Use  of  fertilizer  significantly  increased  seed  weight--some  21  percent.   Two 
benefits  from  sowing  heavier  seeds--better  germination  and  production  of  more  vigorous 
seedlings--may  be  very  important  in  nursery  operations  and  regeneration.   Mergen  and 
Voight  (18)  concluded  that  the  advantages  of  producing  larger  seeds  sufficiently 
justified  the  cost  of  applying  fertilizer. 

Conventional  seed  production  areas  may  be  neither  necessary  nor  economically 
justifiable  in  the  future.   Preparation  of  such  areas  and  thinning  of  stands  are  ex- 
pensive.  Genetic  gain  for  species  propagated  from  seed  collected  from  such  areas  is 
probably  negligible.   Moreover,  such  areas  are  subject  to  increased  incidence  of  attack 
by  destructive  insects.   Apparently  an  unthinned  but  fertilized  stand  would  be  as 
productive  as  a  thinned,  fertilized  stand,  and  would  be  markedly  safer  from  infestation 
until  efficient,  safe,  economical  measures  for  insect  control  are  available.   A  light 
thinning,  to  remove  suppressed  and  intermediate  trees  that  typically  do  not  flower, 
might  further  increase  productivity  without  starting  a  sharp  increase  in  insect  attack. 

Under  the  conditions  stated  above,  the  unthinned  stand  produced  as  much  good  seed 
per  acre  as  the  thinned  stand.   This  conclusion  must  remain  tentative  because  it  is  not 
known  definitely  that  the  number  of  trees  per  acre  in  the  unthinned  area,  reduced  by 
one-third,  will  actually  produce  the  same  average  number  of  strobili  per  tree  as  trees 
in  the  sample  plots.   However,  in  the  stands  observed,  a  reduction  of  one-third  seemed 
reasonable . 

Seed  production  per  tree  may  be  more  important  than  seed  production  per  acre  where 
the  selected  trees  respond  well  to  cultural  treatments,  where  there  is  enough  pollen, 
and  where  insect  control  can  be  guaranteed.   Costs  of  seed  collection  would  be  lower 
if  cones  were  concentrated  in  a  few  trees  rather  than  scattered  over  many.   However, 
if  collecting  by  hand  is  difficult  and  hazardous,  and  if  cones  can  be  obtained  from 
squirrel  caches,  fertilized  stands  that  are  unthinned  or  lightly  thinned  may  prove  to 
be  more  desirable  economically  and  may  produce  as  satisfactorily  in  both  quantity  and 
quality  of  seed  as  drastically  thinned  and  otherwise  more  highly  cultured  stands. 
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PREFACE 

A  preliminary  draft  of  this  report  was  distributed  among  50 
representatives  of  the  logging  industry  in  the  Northern  Rocky 
Mountain  and  Southeastern  States.   They  were  asked  to  compare  known 
skidding  costs  with  costs  estimated  by  using  the  charts  in  this  report. 
Thirty-six  responded  that  they  considered  their  comparisons  to  be 
either  "reasonable,"  "useful,"  or  "worthwhile."  No  negative  replies 
were  received;  in  fact,  30  of  the  respondents  requested  similar 
information  for  larger  tractors.   (See  Research  Paper  INT-60  titled 
"A  Technique  for  Comparing  the  Costs  of  Skidding  Methods.")  This 
encouraging  response  was  a  motivating  factor  in  our  decision  to  publish 
this  report. 

However,  the  author  recognizes  that  wage  increases,  material 
changes,  and  effects  of  other  economic  considerations,  such  as  infla- 
tion, have  occurred  since  the  data  for  this  report  were  collected. 
Therefore,  the  values  shown  in  the  six  charts  (figures  1-6)  probably 
will  have  to  be  adjusted  to  reflect  these  increases--in  some  cases,  by 
as  much  as  12  percent.   If  a  contractor  has  not  kept  cost  records,  it 
is  recommended  that  he  increase  the  skidding  costs  found  in  the  charts 
by  at  least  10  percent.   If  he  has  maintained  a  cost  accounting  system 
and  knows  his  crawler  skidding  costs,  they  may  be  compared  with  costs 
selected  from  the  charts  provided  operating  conditions  are  similar. 
After  a  few  trial  comparisons,  the  amounts  to  adjust  chart  costs  may 
be  made  on  an  individual  basis  with  the  preceding  remarks  as  a  guide. 
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INTRODUCTION 


This  report  is  separated  into  three  major  sections:   (1)  working  charts,  which 
enable  a  user  to  estimate  crawler  skidding  costs  per  thousand  board  feet  ($/MBF)  when- 
ever it  is  possible  to  judge  skidding  distance,  terrain  type,  slope,  and  operator 
efficiency;  (2)  individual  graphs  giving  comparisons  and  break-even  points  for  various 
crawler  sizes,  crew  combinations,  and  operating  conditions;  and  (3)  an  appendix,  which 
describes  how  data  were  gathered  and  converted  to  chart  presentation. 

Data  were  gathered  in  the  Gallatin,  Helena,  and  Beaverhead  National  Forests; 
therefore,  the  cost  estimates  should  be  most  accurate  for  operations  in  the  Northern 
Rocky  Mountain  area.   Tliis  is  not  to  imply  that  the  estimates  cannot  be  used  for 
operations  m  other  areas.   Regardless  of  the  area,  the  following  restrictions  will 
hold: 

1.  Volumes  per  logs  should  run  from  60  to  140  board  feet. 

2.  Log  lengths  should  be  40  feet  or  less. 

3.  The  crawler  tractors  used  should  fall  within  the  limits  of  25  to  80  drawbar 
horsepower  (DBHP) . 

4.  A  skidder  operator  should  set  his  own  chokers,  or  one  choker  setter  should  set 
them  for  him. 

HOW  TO  USE  SKIDDING  COST  CHARTS 

Figures  1  through  6  are  the  working  charts.   Basically  they  are  similar;  skidding 
costs  are  found  by  following  the  same  procedures  on  each.   A  user  must  select  the 
chart  to  use  by  matching  crawler  classes  and  crew  situations  to  those  of  his  operations 

To  enter  any  chart  he  has  selected  the  user  must  know: 

1 .  The  approximate  distance  in  feet  from  the  deck  to  the  general  area  where  logs 
are  hooked .   This  distance  may  be  paced.   After  a  few  "walks"  it  is  surprising  how 
accuracy  increases.   Be  sure  to  estimate  the  true  skidding  distance  and  not  the  line- 
of-sight  distance.   When  the  distance  changes  about  100  feet  to  a  different  general 
area,  a  new  distance  should  be  measured.   At  the  end  of  a  day,  week,  or  other  time 
period,  an  average  is  taken  of  the  $/MBF  altered  by  changes  in  skidding  distances. 
The  averaged  cost  is  used  over  the  particular  time  period  observed. 

2.  The  type  of  terrain  in  which  the  crawler  must  operate.   At  the  top  of  each 
chart  is  a  key  showing  three  terrain  classifications.   In  the  first  graph  of  each 
chart,  terrain  classes  2  and  3  overlap.   The  right  border  of  the  class  2  wedge  runs 
down  the  middle  of  the  class  3  wedge,  and  the  left  border  of  the  class  3  wedge  runs 
down  the  center  of  the  class  2  wedge.   Use  of  the  terrain  classifications  will  be 
explained  in  an  example  later.   As  terrain  .classes  change,  costs  are  averaged  to  get  a 
final  $/MBF  (see  requirement  1  abovej . 


3.  The  average  slope  in  percent  over  the  skidding  path.   A  slope  key  is  shown 
directly  under  the  terrain  key  on  each  chart.   The  bold  vertical  lines  in  the  slope 
key  designate  a  typical  section  of  the  terrain  wedges  shown  in  the  top  graph  of  each 
chart.   If  the  slope  is  judged  to  be  15  percent  or  less,  a  point  on  the  left  border  of 
the  wedge  is  chosen;  if  22  percent,  a  point  in  the  center  of  the  wedge  is  chosen;  and 
if  30  percent  or  greater,  a  point  on  the  right  border  of  the  wedge  is  chosen.   Should 
the  slope  fall  within  the  range  of  16  to  29  percent,  an  interpolation  is  made  inside 
the  wedge.   The  percent  of  slope  may  be  found  with  the  help  of  an  inexpensive  clinom- 
eter, or  it  simply  can  be  estimated.   When  a  slope  is  negative,  that  is,  going  downhill 
to  the  viewer,  the  minus  sign  is  disregarded;  only  the  absolute  value  is  needed.   If 
slopes  change  about  5  percent  through  a  time  period,  new  readings  should  be  obtained 

to  reach  an  average  cost  as  before. 

4.  The  tractor  operator's  efficiency.   An  operator's  efficiency  must  be  judged 
by  comparing  his  output  with  that  of  other  operators.   Logging  contractors  have  been 
found  to  be  good  judges  of  the  capabilities  of  their  workers.   If  a  man  is  new  on  the 
job  and  inexperienced,  he  usually  rates  in  the  lower  half  of  a  "below  average"  wedge 
(see  the  second  or  operator  efficiency  graph  on  any  chart) .   Notice  that  the  operator 
efficiency  graph  allows  for  the  possibility  that  an  operator  might  be  twice  as  good 
or  twice  as  bad  as  another. 

A  typical  path  for  entering  the  charts  is  traced  on  figure  1  (see  superimposed 
bold  dots)  as  an  example.   Here  the  tractor  size  is  small--between  25  and  40  DBHP-- 
and  the  operator  sets  his  own  chokers.   In  this  example,  the  contractor  estimates  the 
distance  from  deck-to-log  area  to  be  580  feet,  terrain  conditions  best  fit  class  3,  a 
clinometer  shows  the  slope  to  average  about  28  percent,  and  the  operator  is  believed 
to  be  average  based  on  his  production. 

Begin  at  the  top  graph  and  follow  the  dotted  path.   Run  horizontally  across  from 
580  feet  using  the  grid  lines  as  guides  and  enter  terrain  class  3.   The  slope  key  shows 
that  the  right  half  of  a  class  contains  slopes  from  22  to  30  percent;  hence,  inter- 
polate 28  percent  just  short  of  the  30  percent  bold  line  on  the  right  border  of  the 
terrain  class  3  wedge.   Drop  straight  down  parallel  with  grid  guide  lines  into  the 
graph  directly  below  and  stop  in  the  middle  of  the  "average"  wedge.   At  this  stage, 
the  four  estimated  factors  have  been  accounted  for.   Now  cross  over  to  the  adjoining 
graph  and  stop  at  a  point  corresponding  to  that  point  in  the  previous  graph:   from  the 
center,  in  this  example,  of  the  white  wedge  in  the  second  graph  to  the  center  of  the 
white  wedge  in  the  third  graph.   From  this  point  follow  the  grid  lines  down  into  the 
bottom  graph,  stopping  at  the  "average"  line  for  hourly  owning  and  operating  costs. 
If  records  are  kept  of  owning  and  operating  costs,  choose  a  point  closest  to  your 
figure--interpolate  if  necessary--instead  of  using  the  "average"  cost  line.   Now,  go 
horizontally  across  to  the  right  axis  and  pick  off  the  skidding  cost  estimate.   In 
this  example,  this  estimate  approximates  $7.50/MBF. 
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Figure  1.- -Skidding 
cost  chart  for 
crawler  class 
25-40  DBHP 
with 
one-man  crew. 
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Figure  2. --Skidding 
cost  chart  for 
crawler  class 
41-60  DBHP 
with 
one-man  crew. 
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Figure  3. --Skidding 
cost  chart  for 
crawler  class 
61-80  DBHP 
with 
one-man  crew. 
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OPERATING  ALTERNATIVES 

Figures  7  through  10  permit  tlie  contractor  to  rapidly  determine  the  most  economi- 
cal combination  of  crawler  and  crew  size  for  operating  under  ideal,  average,  and 
severe  operating  conditions  for  distances  up  to  a  thousand  feet.   These  three  operating 
conditions  were  defined  as  follows: 


Ideal  Average  Severe 

Terrain  class  (as  de- 
fined in  figs.  1-6)        12  3 

Slope  <15%  15-22%  >30% 

Operator  efficiency        110%  100%  90% 

Hourly  owning  and 

operating  costs : 

25-40  DBHP: 

One  man 

Two  men 

41-60  DBHP: 
One  man 
Two  men 

61-80  DBHP: 
One  man 
Two  men 

Logs/turn: 

25-40  DBHP 
41-60  DBHP 
61-80  DBHP 

BF/turn: 

25-40  DBHP 
41-60  DBHP 
61-80  DBHP 

Log  lengths 

Log  volumes 


Figure  7  shows  that  as  operating  conditions  become  worse  for  a  one-man  crew  (no 
choker  setter) ,  the  largest  crawler  class  becomes  and  remains  the  most  economical 
choice.   Only  under  ideal  conditions  and  for  operations  within  200  feet  of  the  deck 
does  the  smallest  crawler  class  appear  slightly  better  than  the  largest.   In  figure  8 
the  largest  crawler  class  is  the  best  choice  for  a  two-man  crew  (operator  has  a  choker 
setter)  without  exception.   Figure  9  shows  that  it  is  more  economical  to  operate  with 
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a  one-man  crew  than  with  a  two-man  crew  under  average  conditions;  in  short,  a  choker 
setter  does  not  pay  his  own  way  under  such  conditions.   Figure  10  shows  where  certain 
two-man  crew  operations  are  more  economical  than  one-man  crew  operations.   Specifically, 
a  two-man  crew  using  a  crawler  of  the  largest  class  costs  less  than  a  one-man  crew 
using  a  crawler  from  either  remaining  class  under  average  conditions  for  distances  up 
to  350  feet.   Also  a  two-man  crew  using  the  crawler  of  the  largest  class  is  better 
than  a  one-man  crew  using  a  crawler  of  the  smallest  class  under  severe  conditions. 
Other  trade-off  comparisons  may  be  seen  by  the  user. 

Those  interested  in  applying  results  from  this  section  are  reminded  that  the 
trade-off  areas  are  derived  strictly  from  averages  gained  over  a  period  of  data 
gathering  in  the  Forests  mentioned  earlier.   This  means  that  an  experiment  was  not 
designed  to  give  confidence  limits  on  the  results  shown.   Hence,  trade-offs  in  figures 
7-10  will  no  doubt  deviate  to  some  extent  and  should  be  used  with  caution. 
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Figure  7, --Skidding  costs  under  three  defined  operating  conditions  with  one-man  crew, 
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Figure  11.--  Flow 
diagram  of 
cycle  time 
elements. 
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Cycle  Time 


The  cycle  time  for  crawler  tractor  skidding  is  illustrated  by  the  flow  diagram  on 
facing  page  (fig.  11).   Total  cycle  time  consists  of  the  accumulation  of  the  five 
elapsed  time  intervals  for  the  productive  time  elements  shown  in  the  smaller  enclosures 
and  the  elapsed  time  intervals  of  unproductive  time  elements  (includes  delays  resulting 
from  equipment  breakdown,  personnel  "breaks,"  adverse  weather,  etc.).   The  dotted  lines 
are  intended  to  indicate  that  such  unproductive  time  elements  might  occur  at  any  time 
during  the  cycle.   Unproductive  time  elements  must  be  subtracted  from  the  total  cycle 
time  to  get  a  net  cycle  time--the  time  considered  for  production  rates.   To  the  left 
of  and  straddling  the  five  production  elements  are  data  commands.   The  elapsed  time 
between  two  consecutive  coiranands  determines  a  time  interval,  providing  the  effect  of 
unproductive  elements  is  considered.   A  continuous  decimal  hour  time  study  was  used. 
For  example, 


Data  command 


Decimal  hour 


Time  arrival  in  woods 

Time  operator  begins  rest  period 

Time  operator  ends  rest  period 
Time  chokers  hooked 


0.0560 
.0640 
.0930 
.1170 


Thus  "HOOK  CHOKERS"  took  0.0610  hour  total.  Subtracting  the  unproductive  time  element 
"REST,"  which  took  0.0290  hour,  get  0.0320  hour  net.  Unproductive  time  element  inter- 
ruptions were  defined  as  they  occurred,  recorded  in  the  margins,  and  subtracted  at  the 
end  of  each  day. 

The  following  definitions  assured  standardization  among  data  gathered  by  different 
people: 


Data  command 


Definition 


Time  arrival  in  woods 
One  man 
Two  men 


Operator  dismounts  crawler 
Choker  setter  grasps  winch  or 
choker  line 


Time  chokers  hooked: 

One  man 

Two  men 
Time  arrived  at  landing 
Time  chokers  unhooked 
Time  decking  completed 
Unproductive  time  elements 


Operator  mounts  crawler 
Last  choker  is  hooked 
Operator  dismounts  crawler 
Operator  mounts  crawler 
Crawler  begins  forward  motion 
As  observed,  recorded  separately 


Under  "OPERATING  TIMES"  in  graphs  1  and  3  of  the  six  charts,  seven  time  elements 
are  shown,  five  of  which  are  the  productive  time  elements  shown  in  figure  11.   The  two 
remaining  elements,  shown  in  graph  1  of  the  charts,  are  "clear  trails"  and  "free  logs." 
Both  began  as  unproductive  time  elements  but  eventually  were  considered  productive  and 
essential  to  the  skidding  operation;  hence,  they  were  added  to  cycle  time.   "Clear 
trails"  is  the  time  required  to  clear  debris  from  skidding  trails  daring  each  cycle. 
"Free  logs"  is  the  time  necessary  to  winch  logs  clear  of  restraints. 
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Controlling  Variables 

Cycle  time  variations  respond  to  eight  controlling  variables.   The  variables  are 
met  as  a  user  progresses  through  any  of  the  ciiarts.   In  graph  1,  distance ,  terrain,  and 
slope  affect  cycle  time.   Dropping  down  into  graph  2,  the  fourth  variable  met  is 
operator  efficiency.   In  graph  3,  MBF/turn  (size  of  logs)  and  logs/turn  (number  of 
logs)  tie  down  the  production  rate.   The  right  combination  of  crawler  class  and  crew 
size  variables  determine  which  chart  to  select. 

Hourly  Owning  and  Operating  Costs 

Hourly  owning  and  operating  costs  are  found  in  graph  4  on  the  charts.   The  costs 
are  introduced  in  the  last  graph  to  translate  production  rates  to  production  costs. 
These  costs,  which  are  shown  on  page  9,  include  total  depreciation  (initial  cost  less 
salvage  value),  interest,  insurance,  taxes,  fuel,  lubricants,  repairs,  parts,  workmen's 
compensation,  and  operator's  wages. 

Constructing  the  Charts 

Gr3ph  1  is  assembled  from  the  following: 

1.  Arbitrary  skidding  distance  scale  (1,000  feet  chosen  for  maximum  conceivable 
distance) . 

2.  Travel  times  under  varying  conditions  of  terrain,  slope,  and  crawler  size 
(table  1) . 

3.  Average  times  to  clear  trails  for  three  terrain  classes  defined  in  figures 
1-6:   class  1,  0.0057  hour;  class  2,  0.0113  hour;  and  class  3,  0.0330  hour. 

4.  Average  times  to  deck  logs  for  different  class  crawlers:   25-40  DBHP,  0.0200 
hour;  41-60  DBHP,  0.0166  hour;  and  61-80  DBHP,  0.0161  hour. 

5.  Times  to  free  logs  (0.0101  hour  per  turn  average  regardless  of  crawler  size). 

In  the  following  formula,  all  times  are  entered  in  decimal  hours  and  all  distances 
in  feet.   Results  are  in  decimal  minutes/turn  with  an  allowance  for  distances  spent 
maneuvering  around  landings. 

[travel  unloaded  time  +  travel  loaded  time]  [(1.2  X  distance)  +  120J  + 

[clear  trail  time  +  deck  logs  time  +  free  logs  time]  60  =  minutes/turn. 

Using  this  formula,  the  wedges  shown  in  the  first  graph  of  each  chart  are  set  up 
throughout  the  range  of  distances  and  combinations  of  operating  conditions  for  terrain 
and  slope.   The  scale  at  the  bottom  of  this  graph  has  output  values  from  the  formula 
in  minutes/turn.   Actual  output  values  from  individual  graphs  are  not  shown  until 
reaching  the  final  chart  output  in  $/MBF.   Notice  that  choker  handling  times  and  log 
volumes,  both  of  which  are  needed  to  complete  the  production  cycle,  do  not  appear  in 
the  first  graph. 

Gr3ph  2  simply  increases  or  decreases  the  output  in  minutes/turn  from  graph  1, 
according  to  the  efficiency  rating  of  the  operator.   Hence  the  output  grid,  located  on 
the  right  border,  is  set  up  to  accommodate  the  extremes  of  operator  ef ficiency--from 
67  percent  under  the  most  severe  operating  conditions  to  134  percent  under  the  most 
ideal.   If  an  output  value  from  graph  1  is  5  minutes/turn,  it  is  upgraded  to  4  minutes/ 
turn  when  an  operator  receives  a  125-percent  efficiency  rating;  it  is  downgraded  to 
6.67  minutes/turn  when  an  operator  is  about  75-percent  efficient. 
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The  formula  for  graph  2,  in  which  operator  efficiency  is  always  entered  in  decimal 
form,  follows: 

[input  minutes/turn  (from  upper  grid) ] /operator  efficiency  = 

output  minutes/turn  (on  right  grid) . 

Graph  3  is  assembled  from 

1.  Average  MBF/turn  depending  upon  crawler  class  (tabulation,  page  9). 

2.  Average  number  of  logs/turn  depending  upon  crawler  class  (tabulation,  page  9). 

3.  Average  times/log  for  handling  chokers  according  to  crawler  class  and  crew 
size  (table  2) . 

Table  2. --Average  times  per  log  for  handling  chokers 


Crawler  class 


Crew  size 


Hooking 


Choker  operation 


Unhooking 


25-40  DBHP 


41-60  DBHP 


61-80  DBHP 


One  man 
Two  men 

One  man 
Two  men 

One  man 
Two  men 


0.0216 

0.0066 

.0172 

.0044 

.0190 

.0059 

.0151 

.0038 

.0138 

.0045 

.0110 

.0030 

Total  cycle  time  is  found  by 

[logs/turn] [hook  chokers  time  +  unhook  chokers  time] 
minutes/turn  (from  left  grid)  , 


60 


operator  efficiency 


where  choker  handling  times  are  entered  as  decimal  hours.  The  bottom  grid  must  have  a 
production  rate  output  in  minutes/MBF;  thus  divide  the  total  cycle  time  by  turn  volume 
to  complete  graph  3,  or 

l,000[total  cycle  time  (from  above) ] /BF/turn  =  minutes/MBF. 

Graph  4  takes  the  outputs  from  graph  3  on  the  upper  grid,  combines  them  with  the 
costs  corresponding  to  the  proper  crawler  sizes  (tabulation,  page  9),  and  converts 
production  rates  to  a  measure  of  effectiveness  in  $/MBF,  or 

[minutes/MBF(output  from  graph  3)] [hourly  owning  and  operating  costs]/60  = 

$/MBF  (chart  output) . 

Of  course,  averages  in  any  of  the  four  graphs  on  each  chart  may  be  changed  to  suit 
user  modifications.   Beginning  at  the  point  of  modification,  output  grids  must  be 
revised  until  a  new  output  grid  for  each  chart  in  $/MBF  is  attained. 
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Headquarters  for  the  Intermountain  Forest  and 
Range  Experiment  Station  are  in  Ogden,  Utah, 
Field  Research  Work  Units  are  maintained  in: 

Boise,  Idaho 

Bozeman,   Montana  (in  coopei'ation  witli 

Montana  State  University) 
Logan,   Utali   (in  cooperation   with  Utah 

State  University) 
Missoula,  Montana  (in  cooperation  with 

University  of  M(_)ntana) 
Moscow,  Idaho  (in  co(_)peration  witli  the 

University  of  Idaho) 
Provo ,  Utah  (i  n     c  o  o  p  e  r  a  t  i  o  n     with 

Brigham  Young  University) 


FOREST   SERVICE   CREED 

The  Forest  Service  of  the  U.  S.  Department  of  Agriculture  is 
dedicated  to  the  principle  of  multiple  use  management  of  the 
Nation's  forest  resources  for  sustained  yields  of  wood,  water, 
forage,  wildlife,  and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest  owners,  and 
management  of  the  National  Forests  and  National  Grasslands, 
it  strives  —  as  directed  by  Congress  —  to  provide  increasingly 
greater  service  to  a  growing  nation. 
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THE  AUTHOR 

PAUL  L.  SCHILLINGS  is  a  research  engineer  head- 
quartered in  Bozeman,  Montana,  at  the  Station's 
Forestry  Sciences  Laboratory,  maintained  in  co- 
operation with  Montana  State  University.  During 
the  past  4  years  he  has  been  engaged  in  systems 
studies  of  logging  operations  in  the  Northern 
Rocky  Mountain  area.  This  report  is  an  out- 
growth of  a  related  study,  the  results  of  which 
are  reported  by  the  author  in  Research  Paper 
INT- 59  titled  "Selecting  Crawler  Skidders  by 
Comparing  Relative  Operating  Costs." 


INTRODUCTION 


The  nine  tables  presented  on  pages  15-23  permit  a  logging  operator  to  compare  relative 
operating  costs  among  five  different  skidding  methods.    Tables  1-4  provide  data  for  operations 
in  which  crawler  tractors  ranging  from  25  to  130  drawbar  horsepower  (DBHP)  are  used;  tables 
5  and  6  for  operations  in  which  rubber-tired  vehicles  with  a  55-8U  or  81-1 17  brake  horsepower 
(BHP)  rating  are  used;  table  7  for  liigh-lead  operations  in  wiiich  portable  towers  are  used;  table 
8  for  Idaho  jammer  operations,  whicli  consisted  of  a  portable  boom  with  a  continuous  haul-lxick 
line  and  chokers  in  every  operation  observed;  and  table  9  for  wiiat  are  called  "siiovel  logging" 
operations. 

The  costs  in  these  tables  represent  estimates  based  upon  observations  made  at  one 
shovel  logging  operation,  eight  portable  tower  operations,  and  from  10  to  20  different 
operations  employing  each  of  the  three  remaining  skidding  methods. 

The  shovel  logging  operation  was  found  on  the  Gallatin  National  Forest,  which  is  located 
in  the  vicinity  of  Bozeman,  Montana.    The  rig  consisted  of  a  portable  boom  in  which  the  A-frame 
is  either  of  logs  or  fabricated  steel  and  single  drum  pulley  with  a  half-inch  line  and  tongs.    An 
operator  worked  along  a  skidding  road  or  trail,  casting  the  tongs  either  downJiill  125  feet  or  up- 
hill as  far  as  50  feet.    Some  tong  setters  carried  tongs  beyond  the  downhill  cast  another  25  feet, 
which  allowed  a  maximum  skidding  distance  of  150  feet.    A  good  operator  was  capable  of  re- 
leasing the  tongs  from  a  log  without  leaving  the  cab.    One  log  was  handled  at  a  time.    We  found 
that  this  method  was  uneconomical  when  skidding  distances  were  beyond  150  feet. 

Among  the  lugh-lead  operations  studied,  towers  ranged  from  40  to  70  feet  high  and  power 
plants  ranged  from  165  to  225  BHP.    Remote-controlled  carriage  units  were  not  used  in  any  of 
these  operations.    High-lead  operations  were  found  to  be  the  most  economical  in  situations 
where  skidding  distances  were  over  500  feet  and  where  there  were  steep  slopes,  large  trees, 
and  high  acre  densities. 

For  most  operations  observed,  rubber -tired  vehicles  were  found  to  be  the  most  economi- 
cal, assuming  equal  operator  efficiencies.    This  is  reflected  by  the  increasing  use  of  these 
vehicles  throughout  the  country.    In  our  contacts,  however,  we  found  some  contractors  who 
felt  that  downtime  and  operator  unfamiliarity  with  rubber -tired  vehicles  do  not  permit  them  to 
realize  maximum  potential  efficiency  from  such  skidders.    Furthermore,  they  preferred 
crawler  tractors  because  they  are  needed  in  other  phases  of  logging  operations. 

Not  all  of  the  operations  studied  were  cutting  logs  large  enough  to  fall  within  the  4,  6,  or 
8  logs/MBF  categories.    Therefore,  costs  had  to  be  extrapolated  using  the  mathematical  model 
described  in  the  Appendix.     For  example,  in  tables  1,5,  and  9,  extrapolated  values  are  used 
for  all  three  of  these  categories;  in  tables  2  and  6,  for  only  the  4  and  6  logs/MBF  categories; 
and  in  table  3,  for  only  the  4  logs/MBF  category.     Extrapolated  costs  are  so  indicated  by  being 
enclosed  in  rectangles  on  these  tables. 

Extrapolated  costs  can  be  compared  directly  with  other  extrapolated  costs.    However, 
when  estimated  costs  are  used,  the  lowest  estimated  cost  is  considered  more  economical  than 
the  lowest  extrapolated  cost  unless  the  latter  shows  a  cost  savings  of  at  least  20  percent.    Those 
operators  who  have  had  experience  using  the  skidding  methods  for  which  extrapolated  costs  are 
presented  may  wish  to  shave  this  percentage  to  15  percent  or  less.    Example  2  on  page  3  deals 
with  a  situation  involving  both  extrapolated  and  estimated  costs. 


HOW  TO  USE  TABLES 

Four  variables  must  be  known  or  estimated  before  entering  the  cost  tables.    These  are: 

1.  Area  density  in  MBF/acre,  which  is  presented  for  a  range  of  from  5  to  15  MBF/acre 
in  steps  of  five  on  all  of  the  tables. 

2.  Skidding  distances  in  feet.  In  tables  1-7,  these  are  presented  in  100-foot  steps  rang- 
ing from  200  to  600  feet.  In  table  8,  the  distances  range  from  100  to  400  feet  in  100-foot  steps, 
while  in  table  9  they  range  from  25  to  125,  in  25-foot  steps. 

3.  Slope  in  percent,  which  ranges  from  5  to  40  percent  in  steps  of  5  percent  on  all  tables. 

4.  Number  of  logs/MBF,  or  tree  size,  which  ranges  from  4  to  16  logs/MBF  in  steps  of 
two  logs  on  all  tables . 

Example  1. 

Suppose  the  stand  density  in  an  operating  area  is  about  10  MBF/acre,  the  average  skidding 
distance  is  400  feet,  the  average  slope  is  around  30  percent,  and  the  number  of  logs/MBF  cor- 
responding to  the  stand  density  is  14. 

Enter  table  1.    The  data  under  10  MBF/acre  would  provide  the  desired  values  for  the 
operating  conditions  given.     Look  to  the  left  column  under  "DISTANCE"  and  stop  at  the  400 
group  in  the  middle  of  the  sheet,  then  choose  the  30-percent  slope  to  the  right  of  the  400  group. 
You  are  now  on  the  correct  row.    Move  across  the  row  to  the  right  and  stop  in  the  column 
labeled  14  logs/MBF.    The  cost  estimate  is  $7.65/MBF. 

Next  turn  to  table  2.    Proceed  as  you  did  in  table  1  and  you'll  get  $6.72/MBF.    Continuing 
in  this  manner  using  the  remaining  seven  tables,  you  would  derive  the  following: 

Cost 


($/MBF) 

Crawler  tractor,  25-40  DBHP  7.65 

Crawler  tractor,  41-60  DBHP  6.72 

Crawler  tractor ,  6 1  - 80  DBHP  4.32 

Crawler  tractor,   110-130  DBHP  7.87 

Rubber-tired  vehicle,  55-80  BHP  4.04 

Rubber-tired  vehicle,  81-117  BHP  5.63 

High-lead,  portable  tower  9.02 

Idaho  jammer  8.71 
Shovel  (w/tongs)                                                                            Not  practical 

In  this  example,  no  extrapolated  values  were  taken;  hence,  eight  of  the  values  may  be 
compared  directly.    Shovel  skidding  was  not  considered  because  400  feet  is  outside  its  skidding 
range.    We  immediately  see  that  the  smaller  rubber-tired  skidder  is  the  most  economical,  as 
could  be  expected  because  of  the  low  stand  density  and  small  logs  involved. 


PREFACE 

During  the  summer  of  1967,  David  B.  Brown  and  Michael  R.  Carter,  botli 
graduate  students  in  industrial  engineering  at  Montana  State  University,  were 
temporarily  employed  by  the  Station  to  investigate  the  economics  of  skidcLing 
systems  commonly  used  in  western  Montana,  Idaho,  and  northwestern  Wyoming. 

Brown  had  completed  a  thesis  entitled  "An  economic  comparison  of  skid- 
cUng  methods  employed  in  the  Northern  Rocky  Mountain  area"  in  partial  fulfill- 
ment of  the  requirements  for  a  master's  degree  from  the  University.  In  it,  he 
compared  relative  profits  of  four  types  of  skidding  methods- -crawlers ,  wheeled 
vehicles,  cranes,  and  high-lead  towers.  During  their  summer  assignment,  he 
and  Carter  gathered  data  on  a  fifth  type,  coordinated  these  data  with  those  used 
in  Brown's  thesis,  and  constructed  a  mathematical  model  to  provide  comparative 
cost  information  on  these  five  tyoes  of  skidding  methods.  They  chose  to  substi- 
tute "costs"  for  "profits"  as  the  measure  of  comparison  to  avoid  confounding 
their  task  because  (1)  some  company  policies  preclude  general  dissemination  of 
profit  and  loss  information,  and  (2)  fluctuating  market  conditions  affect  profits. 

Lack  of  time  cut  short  the  data  collection  necessary  to  fully  satisfy  the 
objectives  of  the  study.  Most  of  the  values  in  the  tables  are  based  on  informa- 
tion obtained  witliin  a  75-mile  radius  of  Bozeman,  Montana.  The  values  pre- 
sented in  the  cost  tables  should  be  viewed  as  tentative- -as  estimates  based 
only  on  information  that  was  available  at  the  time  of  the  study.  Furthermore, 
the  author  recognizes  that  these  estimates  can  be  upgraded  in  terms  of  accu- 
racy when  additional  data  are  gathered  in  future  studies.  However,  the  tables 
are  presented  at  tliis  time  purely  for  their  possible  interest  to  contractors,  who 
shouldn't  assume  the  values  will  accurately  apply  to  tlieir  particular  operations. 
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TABLES 


Table  1 .  --Operating  costs  using  25-40  DBHP  crawler  tractors  for  three  different  stand 

densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming  ...  15 
Table  2 . --Operating  costs  using  41-60  DBHP  crawler  tractors  for  three  different  stand 

densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming  ...  16 
Table  3.  --Operating  costs  using  61-80  DBHP  crawler  tractors  for  three  different  stand 

densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming  ...  17 
Table  4.  - -Operating  costs  using  110-130  DBHP  crawler  tractors  for  three  different  stand 

densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming  ...  18 
Table  5.  - -Operating  costs  using  55-80  BHP  rubber-tired  vehicles  for  three  different  stand 

densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming  ...  19 
Table  6.  - -Operating  costs  using  81-117  BHP  rubber-tired  vehicles  for  three  different  stand 

densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming  ...  20 
Table  7 .- -Operating  costs  using  high-lead  portable  towers  for  three  different  stand 

densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming  ...  21 
Table  8.  - -Operating  costs  using  Idaho  jammers  for  three  different  stand  densities 

commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 22 

Table  9. --Operating  costs  using  shovels  (w /tongs)  for  three  different  stand  densities 

commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 23 


Example  2. 


Assume  a  thin  stand  has  large  timber  on  moderately  steep  slopes  where  average  skidding 
distances  run  up  to  600  feet.    Assume  further  that  high-lead  equipment  is  not  available.    The 
variables  for  this  situation:    area  density,  5  MBF/acre;  skidding  distance,  600  feet;  slope,  40 
percent;  and  tree  size,  4  logS/MBF.    Using  the  same  procedure  as  you  did  in  Example  1,  you 
would  derive  the  following: 

Skidding  type  Cost 


($/iMBF) 

Crawler  tractor,  25-40  DBHP  5.89* 

Crawler  tractor,  41-60  DBHP  4.49* 

Crawler  tractor,  61-80  DBHP  2.90* 

Crawler  tractor,   110-130  DBHP  3.68 

Rubber -tired  vehicle,  55-80  BHP  2.88* 

Rubber -tired  vehicle,  81-117  BHP  4.09* 

High -lead,  portable  tower  Not  available 

Idaho  jammer  Not  applicable 

Shovel  (w/tongs)  Not  applicable 


*  Extrapolated  values 

As  noted  earlier,  shovel  logging  is  limited  to  a  maximum  skidding  distance  of  150  feet  and 
couldn't  be  used  in  this  situation.    Furthermore,  we  didn't  view  the  use  of  the  Idaho  jammer 
method  as  being  applicable  because  among  the  operations  studied  none  were  for  skidding  dis- 
tances of  over  400  feet.    This  is  not  to  say  that  the  Idaho  jammer  can't  be  used  for  skidding 
longer  distances. 

Although  the  skidding  cost  for  the  55-80  BHP  rulDber-tired  vehicle  is  an  extrapolation,  it 
does  represent  a  savings  of  at  least  20  percent  over  the  lowest  estimated  cost  ($3.68  for  the 
110-130  DBHP  crawler  tractor).    The  cost  for  the  61-80  DBHP  crawler  tractor  also  represents 
savings  of  at  least  20  percent;  thus,  for  all  pi-actical  purposes  it  would  be  as  economical  to  use 
the  crawler  tractor  as  it  would  be  to  use  the  smaller  rubber-tired  skidder.    Your  choice  would 
rank  as  follows:     (1)  rubber-tired  vehicle,    55-80  BHP,    (2)  crawler  tractor,    61-80  DBHP, 
(3)  crawler  tractor,   110-130  DBHP,  (4)  rL±)ber-tired  vehicle,  81-117  BHP,  etc.    The  level  of 
20  percent  is  set  arbitrarily  as  a  guide  and  may  be  clianged  at  the  discretion  of  the  operator. 


APPENDIX 


$/Acre 


MBF  /  Acre 


Output  ••  $  /  MBF  •  Output 
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Figure   1. — Flow  diagram  of  the  mathematical  model  is   shown  above; 
the  dimensional  equation  for  this  model  is  shown  below. 


INPUT  DESCRIPTIONS 


EXTRACTION  COSTS 

Extraction  costs  are  made  up  of  the  seven  inputs  shown  in  figure  1 . 

MBF/acre  is  a  situation  variable  called  density,  which  may  be  determined  from  a 
timber  cruise  or  from  contractors'  records.  It  is  designated  either  "XBFPA"  or  "MBFPA" 
in  the  computer  program  (see  p.  14).    Defect  averaged  10  percent. 

Logs/MBF      also  is  a  situation  variable  and  is  readily  judged  by  experienced  contractors, 
Its  program  designation  is  "XGPMBF"  or  "LGPMBF.  "    Log  lengths  ranged  from  16  to  40  feet. 

Hours/cycle      denotes  production  time  and  is  generated  by  the  following  multiple- 
regression  equation: 


where 


y  =  cycle  (turn)  time  in  hours 

X  =  skidding  distance 

X  =  slope 

X  =  number  of  logs  per  cycle 


Briefly,  the  equation  gives  cycle  time  in  hours  based  on  the  three  most  significant  varia- 
bles we  found --skidding  distance,  slope,  and  number  of  logs  skidded  during  each  cycle.    The 
constants  for  this  equation  are  as  follows: 


Skidding  type 

Regression  (a  ) 

Distance  (a   ) 

Slope  (a^) 

Logs  (a^) 

Crawler  tractor, 

25-40  DBHP 

0.04293 

0.0018800 

0.0020339 

0.02415 

Crawler  tractor, 

41-60  DBHP 

.08071 

.0000953 

.0020964 

.02218 

Crawler  tractor, 

61-80  DBHP 

.10518 

.0002705 

-  .0020109 

.01257 

Crawler  tractor, 

110-130  DBHP 

.10736 

.0004778 

.0013270 

.01502 

Rubber -tired  vehicle. 

55-80  BHP 

.01222 

.0002291 

-  .0007572 

.01912 

Rubber -tired  vehicle, 

81-117  BHP 

.08941 

.0007040 

.0012269 

.01182 

High- lead,  portable  tower 

.04297 

.0000024 

.0009517 

.00807 

Idaho  jammer 

.00535 

.0000475 

.0001651 

. 00000 

Shovel  (w /tongs) 

.01760 

.0002081 

-  .0005169 

.00000 

The  multiple -regression  equation  is  shown  in  program  statement  35,  beginning  with  "RC" 
(regression  constant)  and  ending  with  "XLGPC"  (number  of  logs  per  cycle). 

Delays  are  caused  from  equipment  breakdowns,  personnel  "breaks,"  weather  condi- 

tions, etc.  These  vary  among  individual  skidding  operations.  Delay  averages  as  percents  of 
available  operating  times  were  established  for  the  various  skidding  methods  as  follows:  liigh- 
lead,  portable  tower,  20  percent;  Idaho  jammer,   15  percent;  shovel  (w/tongs),  20  percent;  all 


others,  25  percent.    These  were  used  in  the  mathematical  model  to  ensure  that  the  various 
methods  were  compared  on  an  equal  basis.    Delay  values  are  called  "DELAY"  in  the  program 
and  entered  as  decimals. 

Logs/cycle  was  derived  by  averaging  the  number  of  logs  observed  for  each  operating 
cycle.  Values  averaged  from  data  gathered  closely  approached  the  even  increment  separations 
as  shown  below  for  each  of  the  logs/MBF  categories: 
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12 


14 


16 


Crawler  tractor, 

25-40  DBHP 

1.2 

1.8 

2.4 

3.0 

3.6 

4.2 

4.8 

Crawler  tractor, 

41-60  DBHP 

2 

3 

4 

5 

6 

7 

8 

Crawler  tractor. 

61-80  DBHP 

3.6 

5.4 

7.2 

9.0 

10.8 

12.6 

14.4 

Crawler  tractor. 

110-130  DBHP 

8 

12 

16 

16 

16 

16 

16 

Rubber-tired  vehicle, 

55-80  BHP 

1.6 

2.4 

3.2 

4.0 

4.8 

5.6 

6.4 

Rubber-tired  vehic 

le, 

81-117  BHP 

2 

3 

4 

5 

6 

7 

8 

High -lead  portable 

tower 

4 

4 

4 

4 

4 

4 

4 

Idaho  jammer 

1 

1 

1 

1 

1 

1 

1 

Shovel  (w/tongs) 

1 

1 

1 

1 

1 

1 

1 

For  example,  in  the  case  of  the  25-40  DBHP  crawler  tractor,  the  separation  is  exactly  0.6 
for  each  category  of  log  sizes  from  4  through  16  logs/MBF.    Although  it  is  unlikely  that  exact 
separations  would  be  the  real  case,  we  assumed  linearity  because  (1)  the  data  closely  approxi- 
mated a  straight  line,  hence  it  did  represent  the  apparent  situation;  and  (2)  the  total  weight  for 
each  turn  involving  a  tracked  or  wheeled  skidder  remained  essentially  the  same  for  each  class 
regardless  of  the  number  of  logs  skidded.    Of  course,  shovels,  jammers,  and  portable  towers 
each  skidded  the  same  number  of  logs/cycle  regardless  of  total  weight.    Logs/cycle  appears  in 
the  program  as  "XXGPC"  or  "XLGPC.  " 

Hours/SCre       means  setup  time  for  each  acre  of  skidding  area  covered.    It  is  the 
elapsed  time  from  the  moment  a  piece  of  equipment  is  in  its  new  location  until  it  begins  a 
skidding  cycle.    This  input  was  not  considered  applicable  to  tracklaying  and  wheeled  skidder 
operations  because  the  equipment  is  always  in  movement  with  its  load.    Setup  times/acre  are 
derived  as  functions  of  average  skidding  distances  as  follows: 


FOR  HIGH -LEAD,  PORTABLE  TOWER  OPERATIONS. 
(See  figure  2  next  page  for  typical  area  configuration.) 

1.  Average  setup  time  =  0.84  hour  (mean  of  eight  setups,  one  setup  being  a  single  tower 
positioned  with  its  corresponding  tail  block  locations  at  A,  B,  C,  D,  and  E). 

2.  Area  for  setup  =  250,000  sq.  ft.  or  5.74  acres. 

3.  Combining  steps  1  and  2  get  0.1463  hour /acre  or  0.15. 

4.  Average  skidding  distance  =  662  feet  (distance  to  centroid  of  sector  assuming  uniform 
density  throughout). 


5.    Multiplying  results  from  3  and  4  get  97,  thus  y  =  97/x, 


where 


y  =  setup  time/acre 
X  =  average  skidding  distance 
97  =  constant  written  into  program  as  "XETUP"  or  "SETUP." 


At  tliis  point,  one  might  question  the  accuracy  of  the  hyperbolic  function  wliicli  was  used 
to  determine  setup  times  for  all  ranges  of  skidding  distances.  It  is  true  that  tlie  function  was 
derived  without  benefit  of  data  to  match  setup  times  with  various  skidding  distances.  Without 
this  data,  we  relied  upon  the  most  common  portable  tower  configuration  as  the  source  for  the 
best  values  available. 


Tower  guy  lines 


Portable  tower  rig 


One  setup  covers  28.6°  fan 


Chokers  -  50  ft. 


Tail  block 
position 


Terrain  bottom 


500  ft. 


Figure   2. — Typical  configuration  for  a  high-lead,   portable   tower. 


FOR  IDAHO  JAMMER  OPERATIONS. 

( See  figure  3  on  facing  page  for  typical  area  configuration . ) 

1.  Average  setup  time  =  0.416  hour  (mean  from  12  jammer  operations). 

2.  Area  for  setup  =  40,000  sq.ft.  or  0.918  acre. 

3.  Combining  steps  1  and  2  get  0.453  hour /acre. 

4.  Average  skidding  distance  =  466  feet  (slightly  beyond  center  because  of  diagonal 
skidding) . 

5o    Multiplying  results  from  3  and  4  get  211,  thus  y  -  211/x  (see  explanation  in  step  5 
under  "FOR  HIGH- LEAD,  PORTABLE  TOWER  OPERATIONS"). 

FOR  SHOVEL  SKIDDER  OPERATIONS. 


(See  figure  4  on  facing  page  for  typical  area  configuration.) 

1.  Average  setup  time  =  0.099  hour  (mean  from  16  shovel  skidding  operations). 

2.  Area  for  setup  =   15,000  sq.ft.  or  0.344  acre. 

3.  Combining  steps  1  and  2  get  0.29  hour /acre. 

4.  Average  skidding  distance  =  76  feet. 

5.  Multiplying  results  from  3  and  4  get  22,  thus  y  =   22/x  (see  explanation  in  step  5 
under  "FOR  HIGH-LEAD,  PORTABLE  TOWER  OPERATIONS"). 

Ideally,  since  the  maximum  skidding  distance  for  shovel  skidding  is  150  feet,  it  would 
seem  that  each  setup  covered  a  semicircular  area  enclosing  35,350  sq.ft.  instead  of  15,000 
sq.ft.    However,  in  practice  figure  4  as  sketched  shows  the  typical  operating  procedure. 

FOR  ROLLING  STOCK  SKIDDERS. 

Setup  times  were  not  considered  for  rolling  stock  skidding  operations,  which  includes 
such  equipment  as  tracklaying  and  wheeled  skidders.    This  equipment  is  used  in  other  opera- 
tions of  the  production  cycle;  namely,  traveling  unloaded,  clearing  trails,  hooking  chokers, 
freeing  chokers,  traveling  loaded,  unhooking  chokers,  and  decking  logs.    However,  "hook 
chokers"  were  not  included  in  the  production  cycle  for  rolling  stock. 

$/hour      denotes  the  hourly  owning  and  operating  costs  normally  experienced  from 
equipment  service,  which  includes  such  items  as  depreciation  (initial  cost  less  salvage  value), 
interest,  insurance,  taxes,  fuel  and  lubricants,  repairs,  tires,  workmen's  compensation,  and 
operator's  wages.    It  is  called  "COST"  in  the  program.    The  average  hourly  owning  and 
operating  costs  for  the  skidding  operations  observed  follow: 

$/hour 

Crawler  tractor,  25-40  DBHP  6.86 

Crawler  tractor,  41-60  DBHP  8.21 

Crawler  tractor,  61-80  DBHP  9.97 

Crawler  tractor,   110-130  DBHP  12.00 

Rubber -tired  vehicle,  55-80  BHP  6.78 

Rubber-tired  vehicle,  81-117  BHP  9.85 

High -lead,  portable  tower  18.87 

Idaho  jammer  16.00 

Shovel  ( w/tongs)  8 ,  36 

Roadbuilding  costs  are  made  up  of  the  three  inputs  shown  in  figure  1  and  now  described 
separately. 
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Figure   2.— Typical 
configuration  for 
an  Idaho  jammer. 


Idaho  jammer  rig 


Skid-haul  road 


Tail  blocks 


Shovel  skidder 


—  100  ft. 


Figure   4. --Typical 
configuration  for 
a  shovel  skidder. 


ROADBUILDING  COSTS 

Feet/acre       defines  the  road  length  in  feet  to  be  built  for  each  acre  to  be  skidded  as  a 
function  of  the  average  skidding  distance.      It  is  derived  similarly  to  setup  time/acre  and 
introduced  into  the  program  as  "RDLG.  "     In  figure  5  below. 


X    = 


l(unit  distance)  X  43,560  (sq.ft. /acre) 
2y  (feet) 


20,000      /         ,,,         .  u  ^  ,         u  ■       • 

X   =  (roughly,  since  the  road  length  equation  is 

the  same  for  all  skidding  methods) 


where 


X   =  feet  of  road  length/acre  to  be  skidded 
y  =  average  skidding  distance. 


$/hour  represents  the  roadbuilding  cost  per  hour.     Like  owning  and  operating 

costs,  it  is  the  average  of  all  roadbuilding  tractor  costs  observed- - $13  .58/hour,  which  is 
shown  in  the  program  as  $13.58. 


Figure   5. — Typical  configuration  when  building  skidding  roads. 
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Feet/hour     is  the  rate  for  building  a  skidding  road.    It  appears  as  hours/feet  in  the 
program  equation. 

Forbes!  provided  the  following  data  on  the  performance  of  a  typical  roadbuilder  using 
crawler  tractors: 

Performance  Slope 


(Linear  feet/hour)  (Degrees)  (Percent) 

400  10  17.6 

190  20  36.4 

110  30  57.7 

Using  this  data,  we  developed  the  following  quadratic  formula  for  estimating  linear  feet/ 
hour  of  road  bladed  as  a  function  of  slope: 

F  =  0.185  S^  -  21.155  S  +  715.045 

where  F  =  linear  feet  per  hour  of  road  bladed 

S  =  percent  slope. 

The  regression  equation  of  feet/hour  as  a  function  of  slope  is  found  at  the  end  of  line  2, 
statement  35,  in  the  computer  program. 


^Forbes,  Reginald  D.     Forestry  handbook,  section  18,  page  20,  table  12.     1  ,  143  pp. 
illus.    New  York:  The  Ronald  Press  Co.     1961. 
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COMPUTER  PROGRAM 

DIMENSION  (T(48),CPMBF(20) 

13    CONTINUE 

J=0 

READ  1,(T(I),I=1,12) 

1  FORMAT  (12A4) 

2  FORMAT  (1H1,12A4) 

READ  5,K,RC,SC,DC.XLC,C0ST,DELAY 

5  FORMAT(I10,4F8.6,2F5.2) 
IF(K-l)     3,4,4 

3  GO  TO  50 

4  CONTINUE 

READ  10,L,M,N,XXGPC,XETUP,CLC 
10    FORMAT    (9F8.2) 
20    DO  30  11=    5,60,5        MBFPA=II 

PRINT  2,(T(I),I=1,12) 

PUNCH  8,(T(I),I=1,12) 

8  FORMAT  (12A4,20X,2H   *) 
PRINT  40,  MBFPA 

40  FORMAT  (/F10.0,29H  THOUSAND  BOARD  FEET  PER  ACRE) 

PUNCH  6,  MBFPA 

6  FORMAT  (F10.0,29H  THOUSAND  BOARD  FEET  PER  ACRE, 29X,2H   1) 

PRINT  41 

41  FORMAT(//5X,48H   DIST  SLOPE  LOGS  PER  THOUSAND  BOARD  FEET) 

PUNCH  9 

9  FORMAT(       5X,48H  DIST  SLOPE  LOGS  PER  THOUSAND  BOARD  FEET, 

115X,2H  2) 
PRINT  42 

42  FORMAT  (25X,43H     4         6         8  10  12  14  16  //) 
PUNCH  7 

7  FORMAT  (25X,45H     4         6         8  10  12  14  16  2) 
DO  30     IXX=L,M,N 

DIST-IXX 

RDLG=20000./DIST 

SETUP=XETUP/DIST 

PRINT  51 
51    FORMAT(/) 

PUNCH  21 
21    FORMAT(68X,2H    1) 

DO  30  IXXX=  5.40,  5 

SLOPE=IXXX 

XLGPC=XXGPC 

DO  35     IX  =4,  16,2 

LGPMBF=IX 

XLGPC=XLGPC+CLC 

IF  (XLGPC-16.)   26,26,25 

25  XLGPC=16. 

26  CONTINUE 
J=J+i 

XGPMBF=LGPMBF 
XBFPA=MBFPA 

35    CPMBF(J)=  ((XGPMBF*XBFPA*(RC+(SC*SLOPE)-KDC*DIST)+XLC*XLGPC)) 

1*(1.+DELAY)/ 
2XLGPC+SETUP)*COST+RDLG*(13.58/((.185*SLOPE**2)-(21.155*SLOPE) 

3+715.045)))/XBFPA 

PRINT  32,    DIST, SLOPE, (CPMBF(JJ),JJ=1, J) 

PLJNCH  32,    DIST, SLOPE, (CPMBF0J),JJ  =  1, J) 
32    FORMAT(F10.0,F7.0,6X,7F6.2) 

J=0 
30   CONTINUE 

GO  to    13 
50    CALL  EXIT 

END 
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Table  1. --Operating  costs  using  25-40  DBHP  crawler  tractors  for  three  different  stand  densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 


Slope 

(percent) 

5  THOUSAND  BOARD  FEET  PER  ACRE 

10  THOUSAND  BOARD  FEET  PER  ACRE 

15  THOUSAND  BOARD  FEET  PER  ACRE 

(feet) 

Logs/M  bdtt. 

Logs/M  bd.ft. 

Logs/M  bd.ft. 

4        j            6          1            8          1          10         j           12        j            14       1 

16 

4          I            6         1           8         j          10         1           12        ;            14 

16 

4 

6        1            8        {         10        1          12       1          14       1 

16 

Dollars/M  bdfl. 


200 
200 
200 
200 
200 
200 
200 
200 

300 
300 
300 
300 
300 
300 
300 
300 

400 
400 
400 
400 
400 
400 
400 
400 

600 
500 
500 
600 
500 
600 
500 
500 

600 
600 
600 
600 
600 
600 
600 
600 


5 
10 
15 
20 
25 
30 
35 
40 


4.67 
4.99 
5.33 
5.70 
6.10 
6.54 
7  03 
7.57 

4.97 
5.26 
5.57 
5.90 
6.24 
6.62 
7.03 
7,47 

5.34 
562 
592 
622 
6.54 
6.88 
7.26 
7  64 

5.75 
6.02 
6.30 
6.59 
6.90 
7.22 
7  56 
7  92 

6  16 
6.43 
6.71 
699 
7.29 

7  60 
7.92 

8  26 


5.14 
5.47 
5.82 
6.19 
6,60 
7.05 
7.55 
8.09 

5.46 
5.76 
6.07 
6.41 
6.76 
7.14 
7.56 
8.01 

5,84 
6.13 
6.43 
6.74 
7.07 
7.42 
7.79 
8.19 

6  26 
6.54 
6.83 
7.13 
7.44 
7.77 
8.12 
8.49 

669 
6.97 
7.25 
7.54 
7.84 
8.16 
8.49 
8.84 


5.61 
5.94 
6.29 
6.67 
7.08 
7.53 
8.04 
8.59 

5.93 
6.23 
6.55 
6.89 
7.25 
7.64 
8.06 


6.32 
6.62 
6.92 
7.24 

7  57 
7  92 
8.30 
8.71 


7  (14 
7.33 
7.63 
7.95 

8  29 
8  64 
9.01 

7  19 
7.47 
7.76 
8.05 
8.36 
8.68 
9.02 

9  37 


606 
6.39 

6.76 
7.13 
7. SB 
800 

8.51 
9  07 


6  70 

7  02 
7.36 
7  72 
>  12 


i  54 


6  79 

7  09 
7.39 

7  71 
K  05 
S  41 

8  79 
■J  20 


U.S5 
8  36 
II  18 
(I  52 


2.77 

3  40 

3.95 

3.01 

3.66 

4.22 

3.25 

3.93 

4.50 

3.60 

4.21 

4.79 

3.78 

4.50 

5.11 

4.07 

4.82 

5.44 

4.39 

5.16 

6.80 

4.73 

5.53 

6.18 

3.06 

3.73 

4.30 

3.28 

3.98 

4.56 

3.50 

4.23 

4.83 

3.74 

4.49 

5.10 

3.99 

4.76 

5.39 

4.25 

5.04 

5.69 

4.52 

5.34 

6.00 

4.82 

6.66 

6.33 

3.38 

4.10 

4.70 

3.69 

4.34 

4.95 

3.81 

4.68 

5.21 

4.04 

4.83 

5.47 

4.27 

5.09 

5.74 

4.51 

5.35 

6.02 

4.77 

5.63 

6.32 

5,04 

5.93 

6.63 

3.71 

4.48 

5.10 

3.92 

4.71 

5.35 

4.14 

4.96 

5.60 

4.36 

6.19 

5.86 

4.58 

5.44 

6.13 

4.82 

5.70 

6.40 

5.06 

5.97 

6.68 

5.31 

6.25 

6.97 

4.06 

4.87 

6.52 

4.27 

5.10 

5.76 

4.48 

5.33 

601 

4.69 

5.57 

6.27 

4.91 

6.82 

6.63 

5.14 

6,07 

6.79 

5.37 

6  33 

7  07 

5  62 

6  59 

7  35 

DollarsiM  bdfl 

4.45 

4.92 

5.38 

5.83 

4.73 

5.21 

5.68 

6.13 

6.02 

5.51 

6.98 

6.44 

5.32 

6.82 

630 

6.76 

6.65 

6.16 

6.63 

7.10 

6.99 

6.50 

6.98 

7.45 

6.36 

6.87 

7.36 

7.84 

6.76 

7.27 

7.77 

8.25 

4.82 

6.31 

5.78 

6.24 

5.09 

5.59 

6.06 

6.52 

6.36 

5.87 

6.35 

6.81 

5.65 

6.16 

6.64 

7.11 

6.94 

6.46 

6.96 

7.42 

6.25 

6.78 

7.27 

7.75 

6.68 

7.11 

7.61 

8.00 

6.92 

7.46 

7.96 

8.45 

5.23 

5.73 

6.21 

6.68 

6.49 

6.00 

6.49 

6.96 

6.76 

6.28 

6.77 

7.24 

6.03 

6.56 

7.05 

7.63 

6.32 

6.85 

7.35 

7.83 

6.61 

7.14 

7.65 

8.14 

6.91 

7.46 

7.97 

8.46 

7.23 

7.78 

8.30 

8.79 

5.66 

6.17 

6.66 

7.13 

5.92 

6.44 

6.93 

7.41 

6.18 

6.71 

7.21 

7.69 

6.44 

6.98 

7.48 

7.97 

6.72 

7.26 

7.77 

8.26 

7.00 

7.55 

8.07 

8.56 

7.29 

7.86 

8.37 

8.87 

7.59 

8.16 

8.68 

9.18 

6.09 

6.62 

7.12 

7  60 

6.35 

6.88 

7.38 

7.87 

6  61 

7.15 

7.66 

8.14 

6.87 

7.42 

7.93 

8.42 

7.14 

7.69 

8.21 

8.71 

7.41 

7.97 

8.50 

9.00 

7.70 

8.26 

8.79 

9.30 

7.99 

8  56 

9.10 

9.61 

2.70 

3.33 

3.87 

2.92 

3.67 

4.13 

3.15 

3.82 

4.40 

3.38 

4.08 

4.67 

3.63 

4.36 

4.96 

3.89 

4.64 

5.26 

4.16 

4.94 

5.57 

4.46 

5.26 

6.90 

3.01 

3.68 

4.25 

3.22 

3.92 

4.50 

3.43 

4.16 

4.76 

3.66 

4.40 

5.02 

3.89 

4.66 

6.29 

4.12 

4.92 

5.56 

4.37 

6.19 

6.86 

4.63 

5.48 

6.15 

3.34 

4.06 

4.66 

3.56 

4.29 

4.90 

3.76 

4.53 

5.15 

3,97 

4.77 

5.41 

4.19 

6.01 

6.67 

4.42 

6.26 

6.93 

4.66 

5  52 

6.21 

4.90 

5.79 

6.49 

3.69 

4.45 

5.07 

3.89 

4.68 

5.32 

4.10 

4.91 

5.66 

4.31 

5.14 

5.81 

4.52 

5.38 

6.07 

4.74 

5.63 

6.32 

4.97 

5.88 

6.59 

5.20 

6  14 

6.86 

4.03 

4.84 

5  49 

4.24 

5.07 

5.74 

4.44 

5.30 

5.98 

4.66 

553 

6.23 

4.86 

5.77 

648 

5.08 

601 

673 

5.30 

625 

6  99 

5.5'J 

6  50 

7  26 

Dollars/M  bdfl. 

4.37 

4.86 

5.31 

6.76 

4.64 

5.12 

5.59 

6.04 

4.92 

5.41 

5.88 

6.34 

5.20 

5.70 

6.17 

6.64 

5.50 

6.00 

6.48 

6.96 

5.80 

6.31 

6.80 

7.27 

6.13 

6.65 

7.14 

7.61 

6.47 

7.00 

7.49 

7.97 

4.77 

5.26 

5.73 

6.19 

5.03 

5.53 

6.00 

646 

5.30 

5.80 

6.28 

6.74 

5.57 

6.08 

6.56 

7.03 

5.84 

6.36 

6.85 

7.32 

6.13 

6.65 

7.15 

7.63 

6.43 

6.96 

7  46 

7.94 

6.74 

7.27 

7.78 

8.27 

5.20 

5.70 

6.18 

6.64 

5.45 

5.96 

6.44 

6.91 

5.71 

6.22 

6.71 

7.19 

5.97 

6.49 

6.99 

7.47 

6.24 

6.77 

7.27 

7.75 

6.52 

7.05 

7.56 

8.04 

6.80 

7.34 

7.85 

8.34 

7.09 

7.64 

8.16 

8.65 

5.63 

6.14 

6.63 

7.10 

5.88 

6.40 

6.90 

7.37 

6.14 

6.66 

7.16 

7.66 

6.40 

6.93 

7.44 

7.92 

6.66 

7.20 

7.71 

8.20 

6.93 

7.48 

7.99 

8.48 

7.20 

7.76 

8.28 

8.78 

7.49 

8.05 

8.57 

9.07 

6.07 

6.59 

7.09 

7.57 

6.32 

6.85 

7.36 

7.84 

6.57 

7.11 

7.62 

8.U 

6.83 

7.37 

7.89 

8.38 

7.09 

7.64 

8.16 

8.66 

7.35 

7.91 

8.44 

8.94 

7.62 

8.19 

8.72 

9.22 

790 

8.47 

9.01 

9.52 

i 


Table  2.-Operating  cost*  using  41-60  DBHP  crawler  tractors  for  three  different  stand  densities  commonly  found  in  Montana,  Idaho,  and    northwestern  Wyoming 


Distance 
(feet) 


Slope 
(percent) 


5  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


10 


10  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


10 


15  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


10 


200 
200 
200 
200 
200 
200 
200 
200 

300 
300 
300 
300 
300 
300 
300 
300 

400 
400 
400 
400 
400 
400 
400 
400 

500 
500 
500 
500 
500 
500 
500 
500 

600 
600 
600 
600 
600 
600 
600 
600 


10 
15 
20 
26 
30 
35 
40 

5 
10 


2.86 

3.50 

3.08 

3.74 

3.32 

4.00 

3.59 

4.28 

3.89 

4.60 

4.23 

4.96 

4.62 

5.37 

5.06 

5.83 

2.84 

3.50 

3.03 

3.71 

3.24 

3.94 

3.47 

4.18 

3.72 

4.45 

3.99 

4.74 

4.30 

5.07 

4.65 

5.43 

2.89 

3.57 

3.08 

3.77 

3.27 

3.98 

3.47 

4.20 

3.70 

4.44 

3.94 

4.71 

4.21 

4.99 

4.50 

5.30 

2.98 

3.67 

3.15 

3.87 

6 

2.98 

3.67 

10 

3.15 

3.87 

15 

3.34 

4.07 

20 

3.53 

4.28 

25 

3.74 

4.50 

30 

3.96 

4.74 

35 

4.20 

5.00 

40 

4  47 

5.28 

6 

3.08 

3.79 

10 

3.25 

3.98 

15 

3.43 

4.17 

20 

3.61 

4.37 

25 

3.81 

4.69 

30 

4.02 

4.82 

35 

4  24 

5  06 

40 

4    19 

5  32 

Ik 

llan/ni  M  II 

4.07 

4  60 

5,11 

5.60 

6.09 

4.32 

4.86 

5.37 

5.87 

6.36 

4.59 

5,13 

6.65 

6.16 

6.65 

4.88 

5.44 

5.96 

6.47 

6.96 

5.21 

5,77 

6.30 

6.81 

7.31 

5  59 

6  15 

6.69 

7  20 

7.70 

6,01 

6.5« 

7.12 

7.64 

8,14 

6.48 

7  06 

7.60 

8  13 

8.63 

4.08 

4.61 

5.13 

5.63 

6,12 

4.30 

4.84 

5.36 

6.87 

6.36 

4.64 

5.09 

5.61 

6.12 

6.62 

4.79 

5.35 

5.88 

6.39 

689 

5.07 

5.64 

6.17 

6.68 

7.19 

5.38 

5.95 

6.49 

7.01 

7.51 

5.71 

6.29 

6.84 

7.36 

7.87 

6.08 

6.67 

7.22 

7,75 

8.26 

4.16 

4.70 

5.22 

5.72 

6.22 

4.37 

4.92 

5.44 

5.95 

6.45 

4.59 

5  15 

5.68 

6.19 

6.69 

4.82 

5,39 

5.92 

6.44 

6.94 

5.08 

5.65 

6.19 

6.70 

7.21 

5.35 

5.93 

6.47 

6.99 

7.60 

5.64 

6.23 

6.78 

7.31 

7.82 

5.97 

6.56 

7.11 

7.64 

8.16 

4.27 

4.82 

5.34 

5.85 

6.34 

4.47 

5.03 

5.66 

6,07 

6.57 

4.68 

5.26 

5.78 

6,30 

6.80 

4.91 

6.48 

6.02 

6.53 

7.04 

5.14 

5.72 

6.26 

6.79 

7.29 

5.39 

5.98 

6.63 

7.05 

7.56 

5.67 

6.26 

6.81 

7.34 

7.85 

6.96 

6.66 

7.12 

7.65 

8.16 

4.40 

495 

5.48 

5.99 

6.49 

4.59 

5.16 

5.69 

6.20 

6.71 

4.80 

5.37 

5.91 

6.43 

6.93 

5.01 

5.59 

6.13 

6.66 

7.16 

5.24 

5.82 

6.37 

6.90 

7.41 

5.48 

6.07 

6.62 

7.15 

7.66 

5.73 

6.33 

6.89 

7,42 

7.94 

6.U0 

6,61 

7.17 

7.71 

8.23 

2.63 

3.28 

2.82 

3.48 

3.01 

3.69 

3.21 

3.91 

3.44 

4.15 

3.68 

4.41 

3.95 

4.70 

4.24 

5.01 

2.69 

3.35 

2.86 

3.54 

3.04 

3.73 

3.22 

3.93 

3.42 

4.15 

3.63 

4.38 

3.85 

4.62 

4.10 

4.88 

2.78 

3.46 

2.95 

3,64 

3.11 

3.83 

3.29 

4.02 

3.47 

4.22 

3.67 

4.43 

3.87 

4.65 

4.09 

4.89 

2.89 

3.68 

3.05 

3.76 

3.21 

3.94 

3.38 

4.13 

3.56 

4.32 

3.74 

4.62 

3.93 

4.73 

4.14 

4.95 

3.01 

3.72 

3.16 

3.89 

3.32 

4.07 

3.49 

4.25 

3.66 

4.44 

3.83 

4.63 

4.02 

4.83 

4.21 

5.05 

DollarsIM  bJJI- 

3.85 

4.38 

4.89 

5.38 

5.87 

4.06 

4.60 

5.11 

5.61 

6.10 

4.28 

4.82 

5.34 

5.85 

6.34 

4.51 

6.06 

5.59 

6.10 

6.59 

4.76 

5.32 

5.86 

6.36 

6.86 

5.04 

5.60 

6.14 

6.66 

7.15 

5.33 

5.91 

6.45 

6.96 

7.47 

5.65 

6.23 

6.78 

7.30 

7.81 

3.93 

4.47 

4.98 

5.48 

5.97 

4.13 

4.67 

5.19 

6.69 

6.19 

4.33 

4.88 

5  41 

5.91 

6.41 

4.54 

5.10 

5.63 

6.14 

6.64 

4.77 

5.34 

5.87 

6.38 

6.89 

5.01 

5.58 

6.12 

6.64 

7.14 

5.26 

5.84 

6.39 

6.91 

7  42 

5.54 

6.12 

6.67 

7.20 

7.71 

4.05 

4.59 

5.11 

5.61 

6.10 

4.24 

4.79 

5.31 

5.82 

6.32 

4.44 

4.99 

5.52 

6.03 

6.53 

4.64 

5.20 

5.74 

6.25 

6.75 

4.85 

5.42 

5.96 

6.48 

6.98 

5.07 

5.65 

6.20 

6.72 

7.22 

5.31 

5.89 

6.44 

6.97 

7.48 

5.55 

6.15 

6.70 

7.23 

7.74 

4.18 

4.73 

5.25 

5.76 

6.26 

4.37 

4.93 

5.45 

5.96 

6.46 

4.56 

5.13 

5.66 

6.17 

6.67 

4.76 

5.33 

5.87 

6.39 

6.89 

4.96 

5.54 

6.08 

6.61 

7.11 

5.17 

5.76 

6.31 

6.83 

7.34 

5.40 

5.99 

6.54 

7.07 

7.58 

5.63 

6.23 

6.79 

7.32 

7.84 

4.32 

4.88 

5.41 

5.92 

6.41 

4.51 

6.07 

5.60 

6.12 

6.62 

4.70 

5.27 

5.81 

6.32 

6.83 

4.89 

5.47 

6.01 

6.53 

7.04 

5.09 

5.67 

6.22 

6.75 

7.26 

5.29 

5.89 

6.44 

6.97 

7.48 

5.51 

6.11 

6.66 

7.20 

7.71 

5.73 

6.34 

6.90 

7.44 

7.95 

2.56 

3.20 

2.73 

3.39 

2.91 

3.59 

3.09 

3.79 

3.29 

4.00 

3.50 

4.23 

3.72 

4.47 

3.97 

4.74 

2.64 

3.30 

2.80 

3.48 

2.97 

3.66 

3.14 

3.86 

3.32 

4.05 

3.50 

4.26 

3.70 

4.47 

3.91 

4.70 

2.75 

3.42 

2.90 

3.60 

3.06 

3.78 

3.23 

3.96 

3.40 

4.14 

3.57 

4.34 

3.76 

4.54 

3.95 

4.75 

2.86 

3.55 

3.02 

3.73 

3.17 

3.90 

3.33 

4.08 

3.50 

4.26 

3.67 

4.45 

3.84 

4.64 

4.03 

4.84 

2.98 

3.69 

3.13 

3.86 

3.29 

4.03 

3.45 

4.21 

3.61 

4.39 

3.77 

4.57 

3.94 

4.76 

4.12 

4.95 

3.77 
3.97 
4.18 
4.39 
4.61 
4.85 
5.11 
5.38 


4.07 
4.26 
4.46 
4.67 
4.89 
5.11 
5.35 

4.01 
4.20 
4.38 
4.58 
4.78 
4.98 
5.19 
5.42 

4.15 
4.33 
4.52 
4.71 
4.90 
5.10 
5.31 
5.52 

4.30 
4,48 
4.66 
4.85 
5.04 
5.23 
5.43 
5.64 


DollarsIM  bd.ft. 

4.30 
4.51 
4.72 
4.94 
5.17 
5.42 
5.68 
5.96 

4.42 
4.61 
4.81 
5.02 
5.24 
5.46 
5.69 
5.94 

4.55 
4.75 
4.94 
5.14 
5.35 
5.56 
5.78 
6.01 

4.70 
4.89 
5.08 
5.28 
5.48 
5.69 
5.90 
6.12 


5.04 
5.23 
5.43 
5.62 
5.82 
6.03 


4.81 
5.02 
5.24 
5.47 
5.70 
5.95 
6.22 
6.50 

4.93 
5.13 
5.34 
5.65 
5.77 
6.00 
6.24 
6.49 

5.07 
5.27 
5.47 
5.68 
5.89 
6.10 
6.33 
6.56 

6.23 
5.42 
5.62 
5.82 
6.02 
6.23 
6.45 
6.68 

5.38 
5.58 
5.77 
5.97 
6.17 
6.38 
6.59 
6.81 


5.31 
5.52 
5.74 
5.97 
6.21 
6.47 
6.74 
7.03 

5.43 
5.64 
5.86 
6.06 
6.28 
6.52 
6.76 
7.01 

5.58 
5.78 
5.98 
6.19 
6.40 
6.63 
6.86 
7.09 

5.73 
5.93 
6.13 
6.34 
6.56 
6.76 
6.98 
7.21 

5.89 
6.09 
6.29 
6.49 
6.70 
6.91 
7.12 
7.34 


5.79 
6.01 
6.24 
6.47 
6.71 
6.97 
7.24 
7.53 

5.92 
6.13 
6.34 
6.56 
6.79 
7.02 
7.27 
7.53 

6.07 
6.27 
6.48 
6.69 
6.91 
7.13 
7.37 
7.61 

6.23 
6.43 
6.63 
6.84 
7.05 
7.27 
7.49 
7.73 

6.39 
6.59 
6.79 
7.00 
7.21 
7.42 
7.64 
7.86 
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Table  3. -Operating  costs  using  61-80  DBHP  crawler  tractors  for  three  different  stand  densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 


5  THOUSAND  BOARD  FEET  PER  ACRE 

10  THOUSAND  BOARD  FEET  PER  ACRE 

1 5  THOUSAND  BOARD  FEET  PER  ACRE 

Distance 

Slope 
(percent) 

(feet) 

Logs/M  bd.ft. 

Logs/M  bd.ft. 

Logs/M  bd.ft. 

4         j 

6          1 

8            1           10        1 

12         1 

14         1 

IG 

4 

6          1 

8 

1   .0  r 

12 

14 

16 

4 

1         * 

8          I          10        1 

12 

14 

1       1^ 

2.93 

Dollars/M  bdfl 
3.34                3.73 

4,09 

4  44 

2,71 

3.12 

Dollars/M  bdfl 
3.61 

3.87 

4.22 

2.63 

Dollars/M  btlfl 
3.05              3.43 

3.79 

4.14 

2U0 

5 

2.44 

4  80 

2.22 

4.58 

2,15 

4.51 

200 

10 

2,43 

2.90 

3.31                3.69 

4,06 

4.40 

4.76 

2.17 

2.64 

3.05 

3.43 

3.79 

4.14 

4.50 

2.08 

2.55 

2.96             3.34 

3.70 

4.05 

4.41 

200 

15 

2.43 

2.90 

3.30                3.67 

4.03 

4.37 

4.73 

2.12 

2.59 

2.99 

3.36 

3.72 

4.06 

4.42 

2.02 

2.48 

2.89             3.26 

3.61 

3.96 

4.32 

200 

20 

2.46 

2.91 

3.31                3.68 

4.03 

4.37 

4.73 

2.09 

2.54 

2.94 

3.31 

3.66 

4.00 

4.36 

1.97 

2.42 

2.82             3.18 

3.54 

3.88 

4.23 

200 

25 

2.53 

2,97 

3.36                3.72 

4.07 

4.41 

4.76 

2.08 

252 

2,91 

3.27 

3.62 

3.96 

4.31 

1.93 

2.37 

2.76             3.12 

3.47 

3.81 

4.16 

200 

30 

2.64 

3.06 

3.45                3.80 

4.15 

4.49 

4.84 

2.09 

2.51 

2.90 

3.25 

3.60 

3.94 

4.29 

1.90 

2.33 

2.71             3.07 

3.42 

3.75 

4.10 

200 

35 

2.79 

3.21 

3.58                3.94 

4.28 

4.62 

4.96 

2.12 

2.53 

2.91 

3.26 

3.61 

3.94 

4.29 

1.89 

2.31 

2.68             3.04 

3.38 

3.72 

4.06 

200 

40 

3.00 

3.40 

3.77                4.12 

4.46 

4.79 

5-13 

2.17 

258 

2.95 

3.30 

3.64 

3.97 

4.31 

1.90 

2.30 

2.67             3.02 

3.36 

3.69 

4.03 

300 

5 

2.55 

3  06 

3.50                3.89 

4.26 

4.62 

5.00 

2.40 

2.91 

3.35 

3.74 

4.12 

4.47 

4.85 

2.36 

2.87 

3.30             3.70 

4.07 

4.42 

4.80 

300 

10 

2.50 

3.01 

3.44                3.83 

4.20 

4.55 

4.92 

2.33 

2.84 

3.26 

3.65 

4.02 

4.38 

4.75 

2.27 

2.78 

3.21             3.60 

3.97 

4.32 

4.69 

300 

15 

2.48 

2.97 

3.39                3.78 

4.11 

4,49 

4.86 

2.27 

2.76 

3.19 

3.57 

3.94 

4.29 

4.66 

2.20 

2.70 

3.12             3.50 

3.87 

4,22 

4.69 

300 

20 

2.47 

2.95 

3.36                3.74 

4.11 

4.46 

4.82 

2.22 

2.70 

3.12 

3.50 

3.86 

4.21 

4.57 

2.14 

2.62 

3.03             3.41 

3.78 

4.13 

4.49 

300 

25 

2.48 

295 

3.36                3.73 

4.09 

4.44 

4.80 

2.18 

2  65 

3.06 

3.43 

3.79 

4.14 

4.50 

2.08 

2.55 

2.96             3.33 

3.69 

4.04 

4.40 

300 

30 

2.52 

2.98 

3.38                3.75 

4.11 

4.45 

4.81 

2  15 

■J  t;  1 

3.01 

3.38 

3.74 

4.08 

4.44 

2.03 

2.49 

2.89             3.26 

3.62 

3.96 

4.32 

300 

35 

2.59 

3,04 

3.43                3.80 

4.15 

4.49 

4.85 

2,14 

J  .'.9 

2.98 

3.35 

3.70 

4.04 

4.40 

1.99 

2.44 

2.83             3.20 

3.56 

3.89 

4.25 

300 

40 

2.70 

3.13 

3.52               3.88 

4.23 

4.67 

4-92 

2.5 

-  f.9 

2.97 

3.33 

3.68 

4.02 

4.37 

1.97 

2.40 

2.79             3.15 

3.50 

3.84 

4.19 

400 

5 

2.72 

3.27 

3.72                4.13 

4.51 

4.88 

5.26 

2.61 

:i  16 

3.61 

4.02 

4.40 

4.76 

5.15 

2.57 

3.12 

3.68             3.98 

4.36 

4.73 

5.11 

400 

10 

2.67 

3.20 

3.66                4.05 

4.43 

4.79 

6.17 

2.54 

307 

3.52 

3.92 

4.30 

4.66 

5.04 

2.49 

3.03 

3.48             3.88 

4.26 

462 

5.00 

400 

15 

262 

3.15 

3.69                3.99 

4  36 

4.72 

5.10 

2.47 

2  99 

3.43 

3.83 

4.21 

4.57 

4.94 

2.42 

2.94 

3.38             3.78 

4.15 

4.51 

4.89 

400 

20 

2.59 

3.11 

3.54                3.93 

4.30 

4.66 

5.03 

2.41 

2  92 

3.35 

3.75 

4.12 

4.47 

4.85 

2.35 

2.86 

3.29            3.69 

4.06 

4.41 

4.79 

400 

25 

2.58 

3.08 

3.51                3.90 

4.26 

4.62 

4.99 

2.35 

2  ^6 

3.28 

3.67 

4.04 

4.39 

4.76 

2.28 

2  78 

3.21             3.60 

3.96 

4.32 

4.69 

400 

30 

2.59 

3.08 

3.50               3.88 

4.24 

4.60 

4.96 

2.31 

2. SO 

3.22 

3.60 

3.97 

4.32 

4.69 

2.22 

2.71 

3.13             3.61 

3.88 

4.23 

4.69 

400 

35 

262 

3.10 

3.51                3.89 

4.25 

4.60 

4.96 

2.28 

2  76 

3.17 

3.55 

3.91 

4.26 

4.62 

2.17 

2.65 

3.06             3.44 

3.80 

4.15 

4.61 

400 

40 

2.67 

3.14 

3.55                3.92 

4.28 

4,63 

4.98 

2.26 

273 

3.14 

3.51 

3.87 

4.21 

4.57 

2.13 

2.59 

300             3.37 

373 

4.08 

4.44 

500 

5 

2.93 

3.51 

3.98               4  40 

4  79 

5  16 

5.55 

2  K4 

-:  12 

3.89 

4.31 

4.70 

5.07 

5.46 

2.81 

3.39 

3.86             4.28 

467 

6.04 

6.43 

500 

10 

2.87 

3.43 

3.90               4.31 

4.70 

5,07 

5.46 

2,76 

;    :3 

3.80 

4.21 

4  60 

4.96 

5.35 

2.73 

3.30 

3.76             4.18 

4.66 

4  93 

5.32 

500 

IS 

2.81 

3.37 

3.83               4.24 

4.62 

4.99 

5.37 

2.69 

.i  -4 

3.70 

4.11 

4.50 

4.86 

5.25 

2.65 

320 

3.66             4.07 

4.46 

4.82 

6.21 

500 

20 

2.77 

3.31 

3.77                4.17 

4.55 

4.91 

5.30 

2.62 

3  17 

3.62 

4.02 

4.40 

4.77 

5.15 

257 

3.12 

3.57             3.97 

4.35 

4.72 

6.10 

500 

25 

2.74 

3,27 

3.72               4.12 

4.49 

4.86 

5.23 

2.56 

:i  119 

3.54 

3.94 

4.31 

4.68 

5.05 

2.60 

3.03 

3.48             3.88 

4.25 

4.62 

4.99 

500 

30 

2.73 

3.25 

3.69               4  08 

4.46 

4.81 

5,19 

2  51 

■1  (13 

3.47 

3.86 

4.24 

4.59 

4.97 

2.43 

2.95 

3.39             3.79 

4.16 

4.52 

4.90 

500 

35 

2.73 

3.24 

3.67                ■1.07 

4,44 

4.79 

5.16 

2,46 

2  i'7 

3.40 

3.80 

4.17 

4.52 

4.89 

2.37 

2.88 

3.31             3.71 

4.08 

4.43 

4.80 

500 

40 

2.76 

3.26 

3.68               •1.07 

4.44 

4.79 

5  16 

2.43 

2  113 

3.35 

3.74 

4.11 

4.46 

4.83 

2.32 

2.82 

3.24             3.63 

4.00 

4  36 

4.72 

600 
600 
600 
600 
600 
600 
600 
600 

6 
10 

3.15 
3.08 

3.76 
3.68 

4.25                4.68 
4  17                4.59 

5.08 
4.99 

5.46 
5  36 

5.86 
5.76 

3  07 
2.99 

.169 

:l,">9 

4.18 
4.08 

4.61 
4.51 

5.01 
4.90 

5.38 
5.28 

5.79 
5.67 

3.05 
2.97 

366 
3.56 

4.15              4.58 
4.05            4.48 

4  98 
4.87 

5.36 
5.25 

576 
5.65 

IS 
20 
2S 
30 
35 
40 

3.02 
297 
2-93 
2.90 
2.89 
2.90 

3.61 
3,55 
3,49 
3  46 
3  43 
3.43 

4.09               4.51 
4.02                 4.43 
3.96               4.37 
3.91                4.32 
3.88               4.29 
3.87               4.27 

4,90 
4.82 
4.76 
4.70 
4.67 
465 

5.27 
5.19 
5.12 
5.07 
503 
5,01 

5.67 
5.58 
5.51 
5.45 
5,41 
5,39 

2.92 
285 

2  72 
2.67 
2.63 

:)  51 

3   12 

■1  .14 

!   -'7 
3  21 
3  16 

3.98 
3.89 
381 
3.73 
3.66 
3.60 

4.41 
4.31 
4.22 
4.14 
4.06 
4.00 

4.80 
4.70 
4.61 
4.52 
4.44 
4.37 

5.17 
5.07 
4.97 
4.89 
4.80 
4.73 

6.67 
5.46 
5.36 
5.27 
5.19 
6.11 

2.88 
2.80 
2.73 
2.66 

2.59 
2.53 

3.47 
3.38 
3.29 
3.21 
3.13 
3  06 

3.95            4.37 
3.85            4.27 
3.76            4.17 
3.67             4.08 
3.58            3.99 
3.51             391 

4.76 
4  66 
4.56 
4.46 
4.37 
4.28 

5.14 
503 
4.92 
4.82 
4.73 
464 

5.63 
5.42 
6.31 
5.21 
5.11 
5.02 

Table  4.-Operatmg  costs  using  110-130  DBHP  crawler  tractors  for  three  different  stand  densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 


Slope 
(percent) 

5  THOUSAND  BOARD  FEET  PER  ACRE 

10  THOUSAND  BOARD  FEET  PER  ACRE 

15  THOUSAND  BOARD  FEET  PER  ACRE 

Distance 
(feet) 

Logs/M  bd.ft. 

Logs/M  bd.ft. 

Logs/M  bd.ft. 

. 1 — 1 1 1 1 — 

4        1 

6 

8 

1         10       1 

12        1 

14 

16 

4 

-^         1 

8 

1       10     1 

12 

14 

16 

^         1 

6 

1           8 

1         1»         1 

12 

14 

1          16 

Dollars/M  bd.fl. 

Dolhrs/M  bdJI. 

OollarslM  bd.fl. 

200 

5 

2.39 

2.97 

3.81 

4.66 

5.50 

6.34 

7,19 

2.17 

2,76 

3.59 

4-43 

5,28 

6,12 

6.96 

2,09 

2.67 

3.52 

4.36 

5.20 

6.05 

6.89 

200 

10 

2.50 

3.08 

3.94 

4.80 

5.65 

6.51 

7.36 

2,24 

2,82 

3.68 

4,54 

6.39 

6,25 

7.10 

2,15 

2.74 

3,59 

4.45 

5.30 

6.16 

7.02 

200 

15 

2.63 

3.22 

4.09 

4.96 

5,82 

6.69 

7.56 

2.32 

2,91 

3.78 

4,65 

5.51 

6,38 

7.25 

2.22 

2,81 

3  67 

4.64 

5.41 

6.28 

7. IS 

200 

20 

2.79 

3.38 

4.26 

5.14 

6,02 

6.90 

7.78 

2.41 

3,01 

3.89 

4.77 

5.66 

6.53 

7.41 

2.29 

2.89 

3,77 

4.66 

5.53 

6.41 

7.29 

200 

25 

2.98 

3.58 

4.47 

6.36 

6,26 

7,15 

8.04 

2.63 

3,13 

4.02 

4.91 

5.81 

6,70 

7.59 

2.38 

2.98 

3.87 

4.76 

5.66 

6.55 

7.44 

200 

30 

3.21 

3.81 

4.72 

5.62 

6,53 

7,44 

8.34 

2.66 

3,26 

4.17 

5.07 

5.98 

6.89 

7.79 

2.48 

3.08 

3.98 

4,89 

5.80 

6.70 

7.61 

200 

35 

3.49 

4.10 

5.02 

5.94 

6,85 

7,77 

8.69 

2.82 

3.42 

4.34 

5.26 

6.18 

7.10 

8.02 

2.59 

3.20 

4.12 

5.04 

5.95 

6.87 

7.79 

200 

40 

3.82 

4.43 

5.37 

6,30 

7,23 

8.16 

9.09 

3.00 

3,61 

4.54 

5.47 

6.40 

7.33 

8.26 

2.73 

3.34 

4.27 

5.20 

6.13 

7.06 

7.99 

300 

5 

2.48 

3.09 

4.02 

496 

5,89 

6.82 

7.76 

2.33 

2.94 

3.88 

4.81 

5.74 

6.67 

7.61 

2.28 

2.89 

3.83 

4.76 

5.69 

6.63 

7.66 

300 

10 

2.56 

3.18 

4.12 

5  07 

6,02 

696 

7.91 

2.39 

3.01 

3.96 

4.90 

6.84 

6,79 

7.73 

2.33 

2.96 

3.89 

4.84 

6.78 

6.73 

7.68 

300 

15 

2.66 

3.28 

4.24 

5,20 

6,16 

7.11 

8.07 

2.46 

3.08 

4.03 

4,99 

6,96 

6,91 

7.87 

2.39 

3.01 

3.96 

4.92 

6.88 

6.84 

7.80 

300 

20 

2.78 

3.40 

4.37 

5,34 

6,31 

7.28 

8.25 

2.63 

3.15 

4.12 

5,10 

6  07 

7.04 

8.01 

2.45 

3.07 

4.04 

5.01 

5.98 

6.95 

7.92 

300 

25 

2.92 

3.54 

4.53 

6.51 

6,49 

7  48 

8.46 

2.62 

3.24 

4.23 

5,21 

6,19 

7  18 

8,16 

2.62 

3.14 

4.13 

5.11 

6.09 

7,08 

8.06 

300 

30 

3.08 

3.71 

4,71 

5.71 

6,70 

7.70 

8.69 

2.72 

3.36 

4.34 

5,34 

6.33 

7.33 

8.33 

2.59 

3.23 

4.22 

5.22 

6.21 

7,21 

8.20 

300 

35 

3.28 

3.92 

4.93 

5.93 

6.94 

7.95 

8.96 

2.83 

3.47 

4.48 

5.48 

6.49 

7.50 

8.51 

2.68 

3  32 

4.33 

5.33 

6.34 

7.35 

8.36 

300 

40 

3.61 

4.15 

5.17 

6.19 

7.22 

8.24 

9.26 

2.96 

3.61 

4.63 

5.66 

6.67 

7.69 

8.71 

2.78 

3.42 

4.44 

5.46 

6.48 

7.60 

8.52 

400 

5 

2.64 

3.28 

4.31 

6.33 

6.36 

7.38 

8.40 

2.53 

3.17 

4.20 

5,22 

6,24 

7.27 

8.29 

2.60 

3.14 

4,16 

5,18 

6.21 

7.23 

8.25 

400 

10 

2.72 

3.36 

4.40 

5.43 

6.47 

7  50 

8.64 

2,59 

3.23 

4.27 

5.30 

6.34 

7.37 

8.41 

2.54 

3.19 

4.22 

5.26 

6.29 

7.33 

8.36 

400 

15 

2.80 

3.45 

4.49 

5.54 

6.69 

7.64 

8.69 

2,64 

3,29 

4.34 

5.39 

6.44 

7.48 

8.63 

2.69 

3.24 

4.29 

6.34 

6.38 

7.43 

8.48 

400 

20 

2.89 

3.56 

4.61 

5,67 

6.73 

7,79 

8.85 

2,71 

3,36 

4  42 

5,48 

6.54 

7.60 

8.66 

2.66 

3.30 

4.36 

5.42 

6.48 

7.54 

8.60 

400 

25 

3.00 

3.66 

4.74 

5.81 

6.88 

7,95 

9.03 

2,78 

3,44 

4.51 

5.58 

6.66 

7.73 

8.80 

2.70 

3.36 

4.44 

5.51 

6.58 

7.65 

8.73 

400 

30 

3.14 

3.80 

4.89 

5.97 

7,06 

8  14 

9.23 

2,86 

3.53 

4.61 

5,70 

6.78 

7.87 

8.95 

2.77 

3.43 

4.62 

6.60 

6.69 

7.77 

8.86 

400 

35 

3.30 

3.96 

5.06 

6.16 

7.25 

8,35 

9.45 

2,96 

3.62 

4,72 

5.82 

6  92 

8.01 

9.11 

2.85 

3.51 

4.61 

5.71 

6.80 

7.90 

9.00 

400 

40 

3.48 

4.15 

5  26 

6.37 

7,48 

8,59 

9,70 

3,07 

374 

4.85 

6.96 

7,07 

8.18 

9.29 

2.93 

3,60 

4.71 

5.82 

6,93 

8,04 

9.15 

500 

6 

2.84 

3.51 

4.62 

6.73 

6,85 

7.96 

9.07 

2.76 

3.42-- 

4.53 

5.65 

6,76 

7.87 

8.98 

2.72 

3.39 

4.50 

5.62 

6,73 

7.84 

8.95 

500 

10 

2.90 

3.58 

4.70 

5.83 

6.95 

8,08 

9.20 

2.80 

3.47 

4,60 

5  72 

6,85 

7.97 

9.10 

2.76 

3.44 

4.66 

6.69 

6,81 

7.94 

9.06 

500 

16 

2.97 

3.65 

4.79 

5.93 

7.07 

8,20 

9.34 

2.86 

3,53 

4,67 

5.81 

6.94 

8,08 

9.22 

2.81 

3.49 

4.63 

5,76 

6.90 

8.04 

9-18 

500 

20 

3.06 

3.74 

4.89 

6.04 

7.19 

8,34 

9.49 

2.91 

3,59 

4,74 

6,89 

7.04 

8,19 

9.34 

2.86 

3.54 

4.69 

5,84 

6.99 

8.14 

9.29 

500 

25 

3.16 

3.84 

5,00 

6.17 

7.33 

8.49 

9.65 

2.97 

3,66 

4,82 

6,99 

7.15 

8,31 

9.47 

2.91 

3.60 

4.76 

5,93 

7.09 

8.25 

9.41 

600 

30 

3.27 

3.96 

5.13 

6.31 

7  48 

8,66 

9.83 

3.06 

3,74 

4,91 

6,09 

7.26 

8.44 

9.61 

2.97 

3.67 

4.84 

6.02 

7.19 

8.36 

9,54 

500 

36 

3.40 

4  10 

5  28 

647 

7,66 

8  84 

10.03 

3.13 

3,83 

5,01 

6,20 

7  39 

8.57 

9.76 

3.04 

3.74 

4.92 

6.11 

7.30 

8.48 

9.67 

500 

40 

3.55 

4.25 

5,45 

6.65 

7,85 

9,05 

10.26 

3.22 

3,92 

5,12 

6,32 

7.52 

8.72 

9.92 

3.11 

3.81 

5.01 

6.21 

7.41 

8.61 

9.81 

600 

5 

3.05 

3.76 

4.95 

6.15 

7,36 

8,56 

9.76 

2.97 

3,68 

4.88 

6.08 

7.28 

8.48 

9.69 

2.95 

3.65 

4.85 

6.05 

7.26 

8.46 

9,66 

600 

10 

3.11 

3.81 

5.03 

6.24 

7,46 

8,67 

9.88 

3.02 

3.73 

4.94 

6,15 

7.37 

8.68 

9.80 

2.99 

3.70 

4.91 

6.13 

7.34 

8.66 

9,77 

600 

15 

3.17 

3.88 

5.11 

6.34 

7,56 

8.79 

10.02 

3.07 

3.78 

5.01 

6,23 

7.46 

8.69 

9.91 

3.04 

3.74 

4,97 

6.20 

7.43 

8.66 

9.88 

600 

20 

3.25 

3.96 

5.20 

6.44 

7.68 

8.92 

10.16 

3.12 

3.84 

5  08 

6,32 

7.56 

8.79 

10.03 

3.08 

3.80 

5,04 

6.27 

7.51 

8.76 

9.99 

600 

26 

3.33 

4.05 

5.30 

6,55 

7.81 

9.06 

10.31 

3,18 

3.90 

5,15 

6,40 

7.66 

8.91 

10,16 

3.13 

3.85 

5,10 

6.35 

7.61 

8.86 

10,11 

600 

30 

3.43 

4.15 

5.42 

6.68 

7.95 

9.21 

10.48 

3,25 

397 

5,24 

6  50 

7.76 

9.03 

10.29 

3.19 

3.91 

6.17 

6.44 

7.70 

8.97 

10.23 

600 

36 

3.66 

4.28 

5  55 

6.83 

8.11 

9,38 

10.66 

3,32 

4,05 

5.33 

6,60 

7.88 

9.16 

10.43 

3.26 

3,98 

5.25 

6.63 

7.81 

9.08 

10.36 

600 

40 

3.68 

4.41 

5.70 

6.99 

8.28 

9,57 

10.86 

3,41 

4,14 

5,43 

6,72 

8.00 

9.29 

■10.68 

3.32 

4.05 

5.33 

6.62 

7.91 

9.20 

10.49 

18 


Table  7.--Operating  costs  using  high-lead  portable  towers  for  three  different  stand  densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 


Slope 
(percent) 

5  THOUSAND  BOARD  FEET  PER  ACRE 

10  THOUSAND  BOARD  FEET  PER  ACRE 

15  THOUSAND  BOARD  FEET  PER  ACRE 

(feet) 

Logs/M  bd.ft. 

Logs/M  bd.ft. 

Logs/M  bd.ft. 

4          1        6            1        8           [       10           1         12          1        14 

1         16 

4          '          (,          [         8            1        10           i         12          1         14 

16 

4           1         6          1          8           i         10         j        12          !          14        j 

16 

200 
200 
200 
200 
200 
200 
200 

300 
300 
300 
300 
300 
300 
300 
300 

400 
400 
400 
400 
4O0 
400 
400 
400 

500 
500 
500 
500 
500 
500 
500 
500 

600 
600 
600 
600 
600 
600 
600 
600 


Dollars/M  bj.fr 

DulhnIM  hJ  II 

Dollan/M  hcljl 

5 

1  na 

5  UU 

5.91 

6.82 

7  7o 

s  6  1 

!l  .Sa 

2.95 

:l  s6 

4  77 

5.68 

6  5'J 

7  .'lO 

,^    U 

■)     Tj- 

.i  4K 

4.39 

6.30 

622 

7  l:i 

s  04 

10 

4.27 

5.24 

6.20 

7.17 

8.13 

9.10 

10.06 

3.10 

4.06 

6.03 

5.99 

6.96 

7.92 

8.88 

2.71 

3.67 

4.64 

5.60 

6.66 

7.53 

8.49 

15 

4.4S 

5.50 

6  52 

7.53 

8.55 

9.57 

10.59 

3.26 

4-27 

5.29 

6.31 

7.33 

8.35 

9.36 

2.85 

3.87 

4.88 

5.90 

6.92 

794 

8.96 

20 

4.71 

5.78 

6,86 

7.93 

9.00 

10.07 

11.14 

3.43 

4-50 

6.67 

6.64 

7.71 

8.79 

9.86 

3.00 

4.07 

5.14 

6.21 

7.29 

8.36 

9.43 

25 

4.98 

6.10 

7.23 

8.36 

9.48 

10.61 

11.73 

3.61 

4-74 

5.86 

6.99 

8.12 

9.24 

10.37 

3.16 

4.28 

5.41 

6.53 

7.66 

8.79 

9.91 

30 

5.29 

6.47 

7.64 

8.82 

10.00 

11.18 

12.36 

3.82 

5-00 

6.18 

7.36 

8.54 

9.72 

10.90 

3.33 

4.51 

5.69 

6.87 

8.05 

923 

10.41 

35 

5.64 

6.88 

8.11 

9.34 

10.68 

11.81 

13.05 

4.06 

5  29 

6.52 

7.76 

8.99 

10.22 

11.46 

3.52 

4.76 

5.99 

7.22 

8.46 

9.69 

10.93 

40 

6  06 

7.34 

8.62 

9.91 

11.20 

12.49 

13.77 

4.31 

.^  60 

6.88 

8.17 

9.46 

10.75 

12.04 

3.73 

5.02 

6.30 

7.59 

8.88 

10.17 

11.46 

5 

3.34 

4.26 

6.16 

6.07 

699 

7.90 

8  81 

2.58 

a  -IVI 

4.40 

5.32 

6  23 

7.14 

8.05 

2.33 

3.24 

4. IS 

5.06 

5.98 

6.89 

7.80 

10 

3.50 

4.46 

5.43 

6.39 

7.36 

8.33 

9.29 

2.71 

:108 

4.64 

5.61 

6.58 

7.54 

8.61 

2.45 

3.42 

4.38 

5.35 

6.32 

7,28 

8.25 

15 

3  67 

4  69 

5.71 

6.73 

7.76 

8.77 

9.79 

2.85 

3,K7 

4.89 

5.91 

6.93 

7.95 

8.97 

2.58 

3,60 

4.62 

5.64 

6.66 

7.68 

8.70 

20 

3.86 

4.93 

6  01 

7.08 

8.16 

9.23 

10.30 

3.00 

1,08 

5.15 

6.22 

7.30 

8.37 

9.45 

2.72 

3.79 

4.86 

5.94 

7.01 

8.09 

9.16 

25 

4.07 

6.20 

6.33 

7.46 

8.68 

9.71 

10.84 

3.16 

4,29 

5.42 

6.55 

7.67 

8.80 

9.93 

2.86 

3.99 

5.11 

6.24 

7.37 

8.50 

9.63 

30 

4  31 

6.50 

6.68 

7.86 

9.04 

10.22 

11.41 

3.34 

4-52 

6.70 

6.88 

8.06 

9.25 

10.43 

3.01 

4.19 

5.37 

6.56 

7.74 

8.92 

10.10 

36 

4.69 

6.82 

7.06 

8.30 

9.53 

10.77 

12.00 

3.53 

4,76 

6.00 

7.24 

8.47 

9.71 

10.94 

3.17 

4.41 

5.65 

6.88 

8.12 

9.35 

10.59 

40 

4.89 

6.18 

7.47 

8.76 

1005 

11.34 

1263 

3.73 

■•  "■' 

6.31 

7.60 

8.89 

10.18 

11.47 

3.35 

4.64 

5.93 

7.22 

8.61 

9.80 

11.09 

5 

2.96 

3.88 

4.79 

5.71 

6.62 

7.54 

8.45 

2.39 

,j  .il 

4.22 

6.14 

6.06 

6.97 

7.88 

2.20 

3.12 

4.03 

4.95 

5.86 

6.78 

7.69 

10 

3  1  1 

4  08 

5.05 

6.01 

6.98 

7.96 

8.92 

2.52 

3-49 

4.46 

5.43 

6.40 

7.36 

8.33 

2.32 

3.29 

4.26 

5.23 

6.20 

7.17 

8.14 

15 

3.26 

4,29 

6.31 

6.33 

7.36 

8.38 

9.40 

2.65 

3.68 

4.70 

5.72 

674 

7.77 

8.79 

2.45 

3.47 

4.49 

5.52 

6.54 

7.56 

8.58 

20 

3.43 

4.51 

6.69 

6.66 

7.74 

8.82 

9.89 

2.79 

3  87 

4-94 

6.02 

7.10 

8.17 

9.25 

2.58 

3.65 

4.73 

5.81 

6.88 

7.96 

9.04 

25 

3.62 

4.76 

6.88 

7.01 

8.14 

9.27 

10.40 

2.94 

4  07 

5-20 

6  33 

7  46 

8.59 

9.72 

2.71 

3.84 

4.97 

6.10 

7.23 

8.36 

9.49 

30 

3.83 

5.01 

6.20 

7.38 

8.57 

9.75 

10.94 

3.10 

4  28 

5-47 

6-65 

7  83 

9.02 

10.20 

2.8S 

4.04 

5.22 

6.41 

7.59 

8.77 

9.96 

35 

4  06 

5.30 

654 

7.78 

9.01 

10,25 

11.49 

3.27 

4  .^O 

6.74 

6-98 

8.22 

9.46 

10,70 

3.00 

4.24 

6.48 

6.72 

7.95 

9.19 

10.43 

40 

4  32 

5.61 

6.90 

8.19 

9.49 

10,78 

1207 

3.45 

4.74 

6.03 

7.33 

8  62 

9.91 

1  1,20 

3.16 

4.45 

6.74 

7.04 

8.33 

9.62 

10.91 

5 

2.74 

3.66 

4.57 

5.49 

6,41 

7,32 

8.24 

2.28 

3.2D 

4.12 

5.04 

5.95 

6.87 

7.79 

2.13 

3.06 

3.97 

4.88 

5.80 

6.72 

7.64 

10 

2.88 

3.86 

4.82 

5.79 

676 

7,73 

8.70 

2,41 

3.38. 

4.35 

6.32 

6.29 

7.26 

8  23 

2.25 

3.22 

4.19 

5.16 

6.13 

7.11 

8.08 

15 

3.02 

4.06 

5.07 

6.10 

7,12 

8,15 

9.17 

2.53 

3.56 

4.58 

5.61 

6.63 

7.66 

8.68 

2.37 

3.40 

4.42 

5.45 

6.47 

7.50 

8.52 

20 

3.18 

4.26 

5.34 

642 

7,50 

8,58 

9.66 

2.67 

3.75 

4.83 

5.90 

6.98 

8.06 

9.14 

2.50 

3.57 

4.65 

5.73 

6.81 

7.89 

8.97 

25 

3.35 

4.49 

6.62 

6,76 

7,88 

9,02 

10.15 

2.81 

3.94 

5.07 

6.20 

7.34 

8.47 

9.60 

2.62 

3.76 

4.89 

6.02 

7.16 

8.29 

9.42 

30 

3.54 

4.73 

5.91 

7,10 

8.29 

9.47 

10.66 

2.96 

4.14 

5.33 

6.51 

7.70 

8.89 

10.07 

2.76 

3.95 

6.13 

6.32 

7.51 

8.69 

9.88 

35 

3.75 

4  99 

6  23 

7,47 

8.71 

9.95 

11.19 

3.11 

4.35 

5.59 

6.83 

8.07 

9.31 

10.56 

2.90 

4.14 

5.38 

6.62 

7.86 

9.10 

10.34 

40 

3.98 

6  27 

6  56 

7,86 

9.15 

10.45 

11.74 

3.28 

4.57 

5.87 

7.16 

8.46 

9.75 

11.06 

3.05 

4.34 

6.64 

6.93 

8.23 

9.62 

10.81 

5 

2.59 

3.61 

4.43 

535 

6.27 

7.19 

8.11 

2.21 

3.13 

4.05 

4.97 

5.89 

6.81 

7.73 

2.09 

3.01 

3.93 

4.84 

5.76 

6.68 

7.60 

10 

2.73 

3.70 

4.67 

5,65 

662 

7.59 

8.57 

2.33 

3.31 

4.28 

5.25 

6.23 

7.20 

8.17 

2.20 

3.18 

4.15 

5.12 

6.10 

7.07 

8.04 

15 

2.87 

3.89 

4.92 

5,95 

6.97 

8.00 

9.03 

2.46 

3.48 

4.51 

5.64 

6.57 

7.59 

8.62 

2.32 

3.35 

4.38 

5.40 

6.43 

7.46 

8.49 

20 

3.01 

4.10 

6.18 

626 

7.34 

8.42 

9.50 

2.59 

3.67 

4.75 

6.83 

6.91 

7.99 

9.07 

2.44 

3.52 

4.61 

5.69 

6.77 

7.85 

8.93 

25 

3.18 

4  31 

5.45 

6,58 

7.72 

8.85 

9.99 

2.72 

3.86 

4.99 

6.13 

7.26 

8.40 

9.53 

2.57 

3.70 

4.84 

6.97 

7.11 

8.24 

9.38 

30 

3.35 

4.64 

5.73 

6,92 

8.11 

9.29 

10.48 

2.86 

4.05 

5.24 

6.43 

7.62 

8.81 

9.99 

2.70 

3.89 

5.08 

6.27 

7.45 

8.64 

9.83 

35 

3.54 

4.78 

6.03 

7  27 

8.61 

9.75 

11.00 

3.01 

4.25 

5.60 

6.74 

7.98 

9.22 

10.47 

2.83 

4,08 

5.32 

6.56 

7.81 

906 

10.29 

40 

3-76 

5.04 

6.34 

7  64 

8.93 

10.23 

11-63 

3.17 

4  46 

5.76 

7.06 

8.36 

9.65 

10.95 

2.97 

4.27 

5.57 

6.86 

8.16 

'1   Hi 

10.76 

Table  8. -Operating  costs  using  Idaho  jammers  for  three  different  stand  densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 


5  THOUSAND  BOARD  FEET  PER  ACRE 

10  THOUSAND  BOARD  FEET  PER  ACRE 

15  THOUSAND  BOARD  FEET  PER  ACRE 

Distance 

Slope 
(percent) 

(feet) 

Logs/M  bd.ft. 

Logs/M 

bd.ft. 

Logs/M  bd 

ft. 

4 

6 

1          « 

1        10         1 

12 

1        l"* 

1        1^ 

4 

1          8 

1         « 

I          1" 

1        '^ 

1        !■* 

1          1® 

4 

1        ® 

1         ^ 

1       1° 

.1       -._ 

1        l"* 

1        1® 

Dollan/M  bd.  ft 

Dollars! M  bd.  ft. 

Dollars/M  bd.  ft. 

100 

5 

8.44 

8.84 

9.25 

9.66 

10.06 

10.46 

10.86 

4.62 

5.03 

5.43 

5.83 

6.24 

6.64 

7.04 

3.35 

3.75 

4.16 

4.56 

4.96 

5.37 

5.77 

100 

10 

8.66 

9.09 

9.52 

9.96 

10.39 

10.83 

11.26 

4.76 

5.19 

5.63 

6.06 

6.50 

6.93 

7.37 

3.46 

3.90 

4.33 

4.76 

5.20 

5.63 

6.07 

100 

15 

8.91 

9.38 

9.84 

10.31 

10.77 

11.24 

11.70 

4.92 

5.38 

5.85 

6.31 

6.78 

7.24 

7.71 

3.59 

4.05 

4.52 

4.98 

5.45 

5.91 

6.37 

100 

20 

9.22 

9.72 

10.21 

10.71 

11.20 

11.70 

12.19 

5.10 

5.60 

6.09 

6.59 

7.08 

7.58 

8.07 

3.73 

4.23 

4.72 

5.22 

5.71 

6.21 

6.70 

100 

25 

9.60 

10.12 

10.65 

11.17 

11.70 

12.22 

12.75 

5.32 

5  86 

6.37 

6.90 

7.42 

7.95 

8.47 

3.90 

4.42 

4.95 

5.47 

6.00 

6.52 

7.05 

100 

30 

10.06 

10.61 

11.17 

11.73 

12.28 

12.84 

13.39 

5.58 

6.14 

6.69 

7.25 

7.81 

8.36 

8.92 

4.09 

4.65 

5.20 

5.76 

6.31 

6.87 

7.42 

100 

35 

10.62 

11.20 

11.79 

12.38 

12.96 

13.55 

14.13 

5.89 

6.48 

7.06 

7.65 

8.24 

8.82 

9.41 

4.32 

4.90 

5.49 

6.08 

6.66 

7.25 

7.83 

100 

40 

11.28 

11.89 

12.51 

13.12 

13.74 

14.36 

14.97 

6.25 

6.87 

7.48 

8.10 

8.72 

9.33 

9.95 

4.58 

5.19 

5.81 

6.43 

7.04 

7.66 

8.28 

200 

5 

4.97 

5.55 

6.14 

6.72 

7.30 

7.88 

8.46 

3.07 

3.65 

4.23 

4.81 

5.39 

5.97 

6.55 

2.43 

3.01 

3.59 

4.17 

4.75 

6.33 

5.91 

200 

10 

5.11 

5.72 

6  33 

6.95 

7.56 

8.17 

8.78 

3.16 

3.78 

4.39 

5.00 

5.61 

6.22 

6.83 

2.52 

3.13 

3.74 

4.35 

4.96 

5.57 

6.18 

200 

15 

5.27 

5  91 

6.55 

7.20 

7.84 

8.48 

9.12 

3.27 

3.92 

4.56 

5.20 

5.84 

6.48 

7.12 

2.61 

3.25 

3.89 

4.53 

5.17 

5.82 

6.46 

200 

20 

5.46 

6.13 

6.80 

7.47 

8.14 

8.81 

9.49 

3.40 

4.07 

4.74 

6.41 

6.08 

6.76 

7.43 

2.71 

3.38 

4.06 

4.73 

5.40 

6.07 

6.74 

200 

25 

5.67 

6.38 

7.08 

7.78 

8.48 

9.18 

9.89 

3.54 

4.24 

4.94 

5.64 

6.34 

7.05 

7.75 

2.82 

3.53 

4.23 

4.93 

5.63 

6.33 

7.04 

200 

30 

5.94 

6.67 

7.40 

8.13 

8.86 

9.60 

10.33 

3.70 

4.43 

5.16 

5.89 

6.63 

7.36 

8.09 

2.96 

3.68 

4.42 

5.15 

5.88 

6.61 

7.35 

200 

35 

6.26 

7.01 

7.77 

8.53 

9.30 

10.06 

10.82 

3.88 

4.66 

6.41 

6.17 

6.93 

7.70 

8.46 

3.10 

3.86 

4.62 

5.38 

6.15 

6.91 

7.67 

200 

40 

6.60 

7.40 

8.19 

8.98 

9.78 

10.67 

11.36 

4.09 

4.89 

5.68 

6.47 

7.27 

8.06 

8.85 

3.26 

4.05 

4.84 

6.63 

6.43 

7.22 

8.01 

300 

5 

4.05 

4.81 

5.57 

6.33 

7.08 

7.84 

8.60 

2.78 

3.54 

4.30 

5.05 

6.81 

6.57 

7.33 

2.36 

3.12 

3.87 

4.63 

5.39 

6.14 

6.90 

300 

10 

4.17 

4.96 

5.74 

6.53 

7.32 

8.11 

8.89 

2.87 

3.66 

4.44 

6.23 

6.02 

6.81 

7.59 

2.44 

3.22 

4.01 

4.80 

5.59 

6.37 

7.16 

300 

15 

4.29 

5.11 

5.93 

6.75 

7.57 

8.38 

9.20 

2.96 

3.78 

4.60 

5.42 

6.23 

7.05 

7.87 

2.52 

3.34 

4.15 

4.97 

6.79 

6.61 

7.43 

300 

20 

4.44 

5.29 

6.13 

6.98 

7.83 

8.68 

9.53 

3.06 

3.91 

4.76 

5.61 

6.46 

7.31 

8.15 

2.61 

3.45 

4.30 

5.15 

6.00 

6.85 

7.70 

300 

25 

4.60 

5.48 

6.36 

7.24 

8.12 

9.00 

9.87 

3.18 

4.06 

4.93 

5.81 

6.69 

7.57 

8.45 

2.70 

3.58 

4.46 

5.34 

6.22 

7.10 

7.97 

300 

30 

4.80 

5.71 

6.61 

7.52 

8.43 

9.34 

10.25 

3.30 

4.21 

5.12 

6.03 

6.94 

7.85 

8.76 

2.81 

3.72 

4.63 

5.53 

6.44 

7.35 

8.26 

300 

35 

5.02 

5.96 

6.90 

7.84 

8.78 

9.72 

10.66 

3.46 

4.39 

5.33 

6.27 

7.21 

8.15 

9.08 

2.92 

3.86 

4.80 

5.74 

6.68 

7.62 

8.56 

300 

40 

5.28 

6.25 

7.22 

8.19 

9.16 

10.13 

11.10 

3.61 

4.58 

6.55 

6.52 

7.49 

8.46 

9.43 

3.05 

4.02 

4.99 

5.96 

6.93 

7.90 

8.87 

400 

5 

3.77 

4.71 

5.64 

6.57 

7.51 

8.44 

9.37 

2.82 

3.76 

4.68 

6.62 

6.55 

7.49 

8.42 

2.50 

3.43 

4.37 

6.30 

6.23 

7.17 

8.10 

400 

10 

3.87 

4.84 

5.80 

6.76 

7.73 

8.69 

9.66 

2.90 

3.86 

4.83 

5.79 

6.75 

7.72 

8.68 

2.57 

3.54 

4.50 

5.47 

6.43 

7.39 

8.36 

400 
400 
400 
400 
400 
400 

15 

3.98 

4.98 

5.97 

6.96 

7.96 

8.95 

9.95 

2.98 

3.98 

4.97 

5.97 

6.96 

7.96 

8.95 

2.65 

3.64 

4.64 

5.63 

6.63 

7.62 

8.62 

20 

4.10 

5.13 

6.15 

7.18 

8.20 

9.23 

10.25 

3.07 

4.10 

5.12 

6.15 

7.17 

8.20 

9.22 

2.73 

3.76 

4.78 

5.81 

6.83 

7.86 

8.88 

25 

4.24 

5.30 

6.35 

7.41 

8.46 

9.52 

10.57 

3.17 

4.23 

5.28 

6.34 

7.40 

8.45 

9.51 

2.82 

3.87 

4.93 

5.98 

7.04 

8.09 

9.15 

30 
35 
40 

4.40 
4.59 
4.80 

5.49 
5.71 
5.95 

6.58 
6.82 
7.09 

7.66 
7.94 
8.24 

8.75 
9.05 
9.38 

9.83 
10.17 
10.53 

10.92 
11.29 
11.68 

3.29 
3.41 
3.54 

4.37 
4.62 
4.69 

5.46 
5.64 

5.84 

6.54 
6.76 
6.98 

7.63 
7.87 
8.13 

8.71 
8.99 
9.28 

9.80 
10.10 
10.42 

2.91 
3.01 
3.12 

4.00 
4.13 
4.27 

5.08 
5.25 
5.42 

6.17 
6.36 
6.56 

7.25 
7.48 
7.71 

8.34 
8.59 
8,86 

9.43 

9.71 

10.00 

22 


Table  5.-Operating  costs  using  55-80  BHP  rubber-tired  vehicles  for  three  different  stand  densities  commonly  found  in  Montana.  Idaho,  and  northwestern  Wyoming 


Distance 
(feet) 


Slope 
(percent) 


200 
200 
200 
200 
200 
200 
200 
200 

300 
300 
300 
300 
300 
300 
300 
300 

400 
400 
400 
400 
400 
400 
400 
400 

600 
BOO 
500 
BOO 
BOO 
BOO 
BOO 
BOO 

600 
600 
600 
600 
600 
600 
600 
600 


5  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


5 
10 
15 
20 
25 
30 
35 
40 


10 
IB 
20 
25 
30 
36 
40 

5 
10 
IB 
20 
25 
30 
3B 
40 


5 
10 
16 
20 
26 
30 
36 
40 


10  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


1 5  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


1.85 

2  27 

2  65 

1.88 

2.29 

2.67 

1.92 

2.33 

2.70 

1.99 

2.39 

2.76 

2.10 

2.49 

2.85 

2.24 

2.63 

2.99 

2.44 

2.82 

3.18 

2.68 

3.06 

34! 

203 

2  49 

2.89 

2.03 

2.48 

2,88 

2.04 

2.48 

2,88 

2.07 

2.61 

2,90 

2.12 

2.55 

2,94 

2.20 

2.63 

3.01 

2.31 

2.73 

3.11 

2.46 

2.87 

3.25 

2.28 

2.78 

3.21 

2.26 

276 

3.18 

2.26 

2.75 

3,17 

2.27 

2.75 

3,17 

2.29 

2.77 

3,18 

2.34 

2.81 

3.22 

2.41 

2.87 

3.28 

2.51 

296 

3.36 

2.56 

3.10 

3.65 

253 

3.07 

3.52 

2.62 

3.05 

3,49 

2.52 

3,04 

3,48 

2.53 

3.04 

3,48 

2.56 

3.06 

349 

2.60 

3.10 

3,53 

2.66 

3.16 

3,69 

2.85 

3,43 

3  91 

2.82 

3.40 

3,87 

2.80 

3.37 

3,84 

2.79 

3.35 

3,82 

2.79 

3.34 

3,81 

2.80 

3.35 

3,81 

283 

3.37 

3,83 

2.88 

3  41 

3.86 

srs/M  bJfl. 

3  02 

3.37 

3.71 

4.05 

3.03 

3.38 

3.72 

4,06 

3  06 

3.41 

3.76 

4,08 

3.11 

3.46 

3.80 

4,14 

3.21 

3.55 

3,89 

4,22 

3.34 

3.68 

4,02 

4  35 

3.52 

3,86 

4,20 

4,63 

3,76 

4,09 

4,43 

4,76 

3,27 

3.64 

3.99 

4  34 

3,26 

3.62 

3,97 

4,32 

3  26 

3.61 

3,97 

4,31 

3.27 

3.63 

398 

4,32 

3.31 

3.67 

4.01 

4.36 

3  38 

3.73 

4.08 

4.42 

3.48 

3.83 

4.17 

4.61 

3  61 

396 

4.30 

4.64 

3,60 

3.98 

4,34 

4.69 

3  57 

3.95 

4,31 

4.66 

3,66 

3.93 

4,29 

4.64 

3  65 

3.92 

4.28 

4.63 

3  56 

3.93 

4.29 

4.64 

3,60 

3.96 

4.32 

4,67 

366 

4,02 

4.37 

4,72 

3,74 

4,10 

4.46 

4,80 

3.96 

4,35 

4.72 

5,08 

3.93 

4,31 

4.68 

5.04 

3.90 

4,28 

4.65 

5,01 

3.88 

4,26 

4.63 

4.99 

3,88 

4,26 

4.62 

4.98 

3,89 

4,27 

4  63 

4.99 

3,92 

4,30 

4.66 

5.02 

398 

4.36 

4,71 

5  06 

4  34 

4  74 

6.11 

5.48 

4  30 

4  69 

5,07 

6.44 

4  26 

466 

5,03 

5,40 

4.24 

4.63 

6,00 

6,37 

4.22 

4.61 

4,99 

5,36 

4  22 

4  61 

4.98 

6,34 

4.24 

4.63 

5.00 

6,36 

4  27 

4  66 

5.03 

5,38 

1  63 

^ 

243 

1  62 

:;  ii.-; 

2,41 

1  61 

2  112 

2,39 

1-62 

2  !I2 

2.39 

1  66 

2  114 

2.40 

1  69 

2  U4 

2.44 

1  76 

2  14 

2.50 

1.86 

2  2-; 

2.59 

1.88 

2.34 

2.75 

1.85 

2.31 

2.71 

1.83 

2,2K 

2.68 

1.82 

2  26 

2.66 

1.82 

2  2,^. 

2.64 

1.83 

2  2t. 

2.64 

1,86 

2  2^ 

2.66 

1,91 

2  32 

2.70 

2,17 

2  67 

3.10 

2.13 

2  63 

3.05 

2.10 

2  59 

3.01 

2.08 

2  56 

2.98 

2.07 

2  54 

2,96 

2  06 

2  5:i 

2.94 

2.07 

2  5:i 

294 

2.09 

2,55 

2.95 

2.47 

3  01 

3.46 

2.43 

2  96 

3.41 

2.40 

2-92 

3.37 

2.37 

2  89 

3.33 

2.35 

2  S6 

3.30 

2.33 

2,S4 

3.27 

2.33 

2  S3 

3.26 

2.33 

283 

3.26 

2.78 

3  36 

3.84 

2.74 

3  31 

3.79 

2.70 

3  27 

3.74 

2.67 

3  2,) 

3.69 

2.64 

3  19 

3.66 

2  62 

3  17 

3.63 

2,61 

3  15 

360 

2,60 

3  14 

3.69 

DollanlM  bJJl 

2,79 

3.15 

3  49 

3.83 

2,77 

3.12 

3.46 

3,80 

2,76 

3.10 

3.44 

3.78 

2.74 

3.09 

3.43 

3.77 

2.76 

3.10 

3.44 

3.77 

2.79 

3.13 

3.47 

3.80 

2.85 

3,19 

3.62 

3  86 

2.93 

3,27 

360 

3.93 

3.12 

3,49 

3.84 

4.19 

3.08 

3,45 

3.80 

4.14 

3.06 

3,41 

3.76 

4.10 

3.02 

3,38 

3.73 

4.07 

3.01 

3,37 

3.71 

4.06 

3.01 

3.36 

3.71 

4.05 

3.03 

3.38 

3.72 

4.06 

3.06 

3.41 

3.76 

4.09 

3.49 

3,87 

4.23 

4.68 

3.44 

3,82 

4,18 

4.63 

3.40 

3.77 

4.13 

4.48 

3.37 

3.74 

4.09 

4.44 

3.34 

3.71 

4.06 

4.41 

3.32 

3.69 

4.04 

4.39 

3.32 

3.68 

4.03 

4.38 

3.33 

3.69 

4.04 

4.38 

3.87 

4.26 

4.63 

4.99 

3.82 

4.21 

4.58 

4.94 

3.78 

4.16 

4.53 

4.88 

3.73 

4.11 

4.48 

4.84 

3.70 

4.08 

4.44 

4.80 

3.67 

4.06 

4.41 

4,77 

3.65 

4.03 

4.39 

4,76 

3.66 

4.02 

4.38 

4,73 

4,26 

4,66 

5.04 

5.41 

4  21 

4.61 

4.98 

5.35 

4,16 

4.55 

4.93 

6  29 

4.11 

4.51 

4,88 

5,24 

4.07 

4.46 

4.84 

5  20 

4.04 

4.43 

4.80 

5,16 

401 

4.40 

4.77 

5,13 

4.00 

4.38 

475 

5.11 

Dallnrs/M  bdfl. 


1  56 
1,63 
1,51 
1,50 
1,50 
1,61 
1.54 
1.58 

1.83 
1.79 
1  76 
1.74 
1.72 
1.71 
171 
1.72 

2.13 
2.09 
2.05 
2.02 
1.99 
1.97 

1  96 
1.96 

2.44 
2.40 
236 
2.32 

2  29 
2.26 
2  24 
2.23 

2.75 
2.71 
2  66 
2  63 
2  69 
2.66 
2.53 
2  51 


1.98 
1.94 
1  91 
1.90 
1.89 
1.90 
1.92 
1  96 

2.29 
2.25 
2.21 
2.18 
2.15 
2.14 
2.13 
2.14 

2.63 
2.68 
2.54 
2.50 
2.47 
2.44 
2.42 
2.41 

2.98 
2.93 
2.88 
2.84 
2.80 
2.77 
2.74 
2.72 

3.33 
3.28 
323 

3  19 
3.14 
3  11 
3  07 

3  05 


2  36 

272 

2,32 

2,68 

2.29 

265 

2.27 

262 

2,25 

261 

2,26 

261 

2,28 

2  62 

2,31 

266 

2,70 

3.08 

2,65 

3.03 

2,61 

2.98 

2.57 

2.94 

2.54 

2.91 

2.52 

2.89 

2.51 

2.88 

2.52 

2  88 

3,06 

3  46 

3,01 

3.40 

2.96 

335 

2.92 

3.30 

2.88 

3.26 

2.85 

3.23 

2.83 

3.21 

2,81 

3  19 

3.43 
3.38 
3.33 
3.28 
3.24 
3.20 
3.17 
3.15 

3.81 
3.76 
3.70 
3.66 
3.61 
356 
3  53 
3.50 


3.84 
3.79 
3.73 
3.68 
364 
3.60 
3.56 
3.54 

4,24 

4,18 
4.13 
4.07 
4.02 
3.98 
3  94 
391 


3.07 
3.03 
2.99 
2.97 
2.95 
2.95 
296 
2.99 

3.44 
3.39 
3.34 
3.30 
3.27 
3.24 
3.23 
3.23 

3.83 
3.77 
3.72 
3.67 
3.63 
3.60 
3.57 
3.55 

4.23 
4.17 
4.12 
4.06 
4.02 
3.98 
3.94 
3.91 

4.64 
4.68 
4.52 
4.46 
4.41 
4.37 
4.33 
4.29 


342 
3.37 
3.33 
3.31 
329 
3.28 
3.30 
3.33 

3.79 
3.74 
369 
3.65 
3.61 
3  59 
3.57 
3.57 


4  13 
4.08 
4  03 
3.99 
3.95 
3.92 
3,90 

4.60 
4.54 
4.48 
4.43 
4.38 
4.34 
4  30 
4.27 

6.02 
4.95 
4.90 
4.84 
4.79 
4.74 
4  70 


3.76 
3.71 
3.67 
3.64 
3.62 
3.62 
3.63 
3.66 

4.14 
4.08 
4.04 
3.99 
3.96 
3.93 
3.91 
3.91 

4,55 
4.49 
4.43 
4.38 
4.34 
4.30 
4.27 
4  25 


4.79 
4.74 
4.69 


5.38 
5.32 
5.26 
5.20 
5.15 
5.10 
5.06 
502 


Table  6.-Operating  costs  using  81-117  BHP  rubber-tired  vehicles  for  three  different  stand  densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 


Distance 
(feet) 


Slope 
(percent) 


5  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


10  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


10 


15  THOUSAND  BOARD  FEET  PER  ACRE 


Logs/M  bd.ft. 


200 
200 
200 
200 
200 
200 
200 
200 

300 
300 
300 
300 
300 
300 
300 
300 

400 
400 
400 
400 
400 
400 
400 
400 

500 
600 
600 
500 
500 
600 
500 
500 

600 
600 
600 
600 
600 
600 
600 
600 


10 
15 
20 
25 
30 
35 
40 

5 
10 
15 
20 
25 
30 
35 


15 
20 
25 
30 
35 
40 


36 
40 


2  H2 
3.00 
3.20 
3.42 
3.68 
3.98 
4.33 
4.73 

2.79 
2  94 
3.10 
3.29 
3.49 
3.73 
3.99 
4.29 

2.83 
2.97 
3.12 


3.33 
3.63 
3.74 
3.97 
4.24 
4.56 
4.92 
6.33 

3.32 
3.48 
3  66 
3.86 
4.07 
4.32 
4.60 
4.91 

3.37 
3.52 
3.69 


3.28 
3.46 

3.86 
4.05 

3.66 

4.27 

3.88 

4.50 

4.13 

4.77 

2.90 

3.46 

3.03 

3.60 

3.17 

3.75 

3.32 

3.92 

3.48 

4.09 

3.66 

4.29 

3  86 

4.60 

4  08 

4.73 

2.98 

3.56 

3.11 

3.70 

3.24 

3.84 

3.38 

4.00 

3.54 

4.16 

3.71 

4.34 

3.89 

4  64 

4.09 

4.75 

Dollars/ H  bcl  fl. 

3.76 

4.14 

4.50 

4.84 

5.16 

3.96 

4.34 

4.70 

5.05 

6.38 

4.18 

4.57 

4.93 

5.28 

6.61 

4.42 

4.82 

5.18 

5.53 

5.87 

4.70 

5.10 

5.47 

5.82 

6.16 

5.02 

5.43 

6.80 

6.15 

6.49 

6.39 

6.80 

6.18 

6.54 

6.88 

5.81 

6.23 

6.61 

6.97 

7.31 

3.75 

4.14 

4.60 

4.84 

5.17 

3.92 

4.31 

4.68 

5.02 

5.36 

4.11 

4.61 

4.87 

5.22 

5.56 

4.31 

4.71 

5.08 

5.44 

6.77 

4.54 

4.95 

5.32 

5.67 

6.01 

4.79 

5.20 

6.58 

5.94 

6.28 

5.08 

5.50 

5.88 

6.24 

6.68 

5.40 

5.82 

6.21 

6.57 

6.91 

3.81 

4.21 

4.57 

4.92 

6.26 

3.97 

4.37 

4.74 

5.09 

5.42 

4.14 

4.55 

4.92 

5.27 

5.61 

4.33 

4.73 

5.11 

5.46 

5.80 

4.53 

4.94 

5.32 

5.67 

6.02 

4.75 

5.17 

6.55 

6.91 

6.25 

4.99 

6.42 

5.80 

6.16 

6.51 

5.26 

6.69 

6.08 

6.44 

6.79 

3.91 

4.31 

4.67 

5.02 

5.36 

4.06 

4.46 

4.83 

5.19 

5.52 

4.22 

4.63 

5.00 

5.36 

5.70 

4.39 

4.80 

5.18 

5.54 

5.88 

4.67 

4.99 

5.37 

6.73 

6.08 

4.78 

5.20 

5.58 

5.95 

6.29 

5.00 

5.42 

5.81 

6.18 

6.53 

6.24 

5.67 

6.06 

6.43 

6.78 

4  02 

4.42 

4.79 

6.14 

6.48 

4.16 

4.57 

4.96 

6.30 

5.64 

4.32 

4.73 

5.11 

6.47 

6.81 

4.48 

4.90 

5.28 

6.64 

5.98 

4.66 

5.08 

6.46 

5.83 

6.17 

4.84 

5.27 

6.66 

6.02 

6.37 

5.04 

5.48 

5.87 

6.24 

6.69 

6  26 

5.70 

6.10 

6.47 

6.82 

2.60 

3.11 

2.74 

3.27 

2.89 

3.43 

3.05 

3.60 

3.23 

3.79 

3.43 

4.01 

3.65 

4.26 

3.90 

4.61 

2.64 

3.17 

2.76 

3.31 

2.90 

3.46 

3.04 

3.61 

3.19 

3.77 

3.36 

3.96 

3.54 

4.16 

3.74 

4.36 

2.72 

3.26 

2  84 

3.39 

2.96 

3.53 

3.09 

3.68 

3.23 

3.83 

3.38 

3.99 

3.55 

4,17 

3.72 

4.36 

2.81 

3.37 

2.93 

3.60 

3.05 

3.63 

3.17 

3.77 

3.30 

3.91 

3.44 

4.07 

3.59 

4.23 

3.76 

4.40 

2.91 

3.48 

3.02 

3.61 

3.14 

3.74 

3.26 

3.87 

3.39 

4.01 

3.52 

4.16 

3.66 

4.31 

3.81 

4.48 

DollarsIM  bd.fl. 

3.54 

3.92 

4.28 

4.61 

4.94 

3.70 

4.08 

4.44 

4.79 

5.12 

3.87 

4.26 

4.62 

4.97 

5.30 

4.06 

4.45 

4.81 

6.16 

6.60 

4.26 

4.66 

5.02 

6.37 

5.71 

4.47 

4.88 

5.25 

6.60 

5.94 

4.72 

6.13 

5.61 

6.86 

6.20 

4.99 

5.40 

6.78 

6.14 

6.49 

3.60 

3.99 

4.35 

4.69 

6.02 

3.75 

4.14 

4.50 

4.85 

5.18 

3.90 

4.30 

4.67 

5.01 

6.35 

4.07 

4.47 

4.84 

5.19 

5.53 

4.24 

4.65 

5.02 

5.37 

6.71 

4.43 

4.84 

5.22 

5.57 

5.91 

4.63 

6.05 

6.43 

5.79 

6.13 

4.85 

5.27 

5.66 

6.02 

6.36 

3.70 

4.10 

4.46 

4.81 

5.14 

3.84 

4.24 

4.61 

4.96 

5.29 

3.99 

4.39 

4.76 

5.11 

5.46 

4.14 

4.55 

4.92 

5.28 

6.62 

4.30 

4.71 

5.09 

5.45 

5.79 

4.47 

4.89 

5.27 

5.63 

5.97 

4.66 

5.08 

6.46 

5.83 

6.17 

4.85 

6.28 

5.67 

6.03 

6.38 

3.82 

4.22 

4.59 

4.93 

5.27 

3.96 

4.36 

4.73 

6.08 

6.42 

4.10 

4.50 

4.88 

5.23 

5.57 

4.24 

4.66 

5.03 

5.39 

5.73 

4.39 

4.81 

5.20 

5.55 

5.90 

4.56 

4.98 

5.36 

5.73 

6.07 

4.73 

5.15 

6.64 

5.91 

6.26 

4.91 

5.34 

5.73 

6.10 

6.46 

3.94 

4.35 

4.72 

6.07 

5.41 

4.08 

4.49 

4.86 

6.22 

5.66 

4.21 

4.63 

5.01 

5.36 

6.71 

4.36 

4.77 

5.16 

5.52 

5.86 

4.50 

4.93 

5.31 

5.88 

6.02 

4.66 

6.09 

5.48 

6.84 

6.19 

4.82 

5.26 

6.65 

6.01 

6.37 

4.99 

5.43 

5.83 

6.20 

6.56 

2.52 

3.04 

2.65 

3.18 

2.78 

3.32 

2.93 

3.48 

3.08 

3.64 

3.25 

3.82 

3.43 

4.02 

3.63 

4.23 

2.59 

3.12 

2.71 

3.26 

2.83 

3.38 

2.96 

3.53 

3.09 

3.67 

3.24 

3.83 

3.39 

4.00 

3.56 

4.18 

2.68 

3.22 

2.79 

3.35 

2.91 

3.48 

3.03 

3.61 

3.16 

3.75 

3.29 

3.90 

3.43 

4.05 

3.59 

4.22 

2.78 

3.34 

2.89 

3.46 

3.00 

3.59 

3.12 

3.72 

3.24 

3.85 

3.37 

3.99 

3.50 

4.14 

3.65 

4.29 

2.88 

3.46 

2.99 

3.58 

3.11 

3.70 

3.22 

3.83 

3.34 

3.96 

3.46 

4.10 

3.69 

4.24 

3.72 

4.38 

8 

1         1°        1 

12 

I          14 

1        ^* 

DollarsIM  bd.ft. 

3.46 

3.86 

4.20 

4.64 

4.87 

3.61 

4.00 

4.36 

4.70 

5.03 

3.77 

4.16 

4.52 

4.86 

5.20 

3.93 

4.32 

4.69 

5.04 

5.37 

4.10 

4.60 

4.87 

6.22 

5.56 

4.29 

4.69 

5.07 

6.42 

5.76 

4.49 

4.90 

5.28 

5.64 

6.98 

4.71 

5.13 

5.51 

5.87 

6.21 

3.56 

3.94 

4.30 

4.64 

4.97 

3.69 

4.08 

4.45 

4.79 

5.12 

3.83 

4.23 

4.60 

4.95 

5.28 

3.98 

4.38 

4.76 

5.11 

5.44 

4.14 

4.56 

4.92 

5.27 

5.61 

4.30 

4.72 

5.09 

5.45 

5.79 

4.48 

4.90 

5.28 

5.64 

5.98 

4.67 

5.09 

6.47 

5.84 

6.18 

3.67 

4.06 

4.42 

4.77 

5.10 

3.80 

4.20 

4.57 

4.91 

5.25 

3.94 

4.34 

4.71 

6.06 

5.40 

4.08 

4.49 

4.86 

5.21 

5.55 

4.23 

4.64 

5.02 

5.37 

6.72 

4.38 

4.80 

5.18 

5.54 

5.88 

4.64 

4.97 

5.36 

5.71 

6.06 

4.71 

5.14 

5.53 

6.89 

6.24 

3.79 

4.19 

4.66 

4.90 

5.24 

3.92 

4.32 

4.70 

5.06 

6.38 

4.06 

4.46 

4.84 

5.19 

5.53 

4.19 

4.61 

4.98 

5.34 

5.68 

4.33 

4.76 

6.14 

5.49 

5.84 

4.48 

4.91 

6.29 

5.65 

6.00 

4.64 

5.06 

5.45 

5.82 

6.17 

4.80 

5.23 

5.62 

5.99 

6.34 

3.92 

4.32 

4.69 

5.05 

5.38 

4.05 

4.46 

4.83 

5.19 

6.63 

4.18 

4.59 

4.97 

5.33 

5.67 

4.31 

4.73 

5.12 

5.48 

5.82 

4.45 

4.88 

5.26 

5.63 

5.97 

4.60 

5.02 

5.41 

5.78 

6.13 

4.74 

5.18 

6.67 

5.94 

6.29 

4.90 

5.34 

5.73 

6.10 

6.46 

20 
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Table  9 -Operating  costs  using  shovels  (tongs)  for  three  different  stand  densities  commonly  found  in  Montana,  Idaho,  and  northwestern  Wyoming 


Distance 

Slope 
(percent) 

5  THOUSAND  BOARD  FEET  PER  ACRE 

10  THOUSAND  BOARD  FEET  PER  ACRE 

15  THOUSAND  BOARD  FEET  PER  ACRE 

(feet) 

Logs/M  bd.ft. 

Logs/M  bd.ft. 

Logs/M  bd.rt. 

4                    6         !          8                 10         !         12         j        U 

16 

4            ^          6          j          8          1         10          ]         12         j         14 

16 

4           ]          6                     8          '         10          '         12                  14 

16 

Dollars/M  bd  fl. 


25 
25 


60 
50 
50 
50 
50 
50 

75 
75 
76 
75 
75 
75 
75 
76 

100 
100 
100 
100 
100 
100 
100 
100 

125 
125 
125 
125 
125 
125 
125 
125 


5 
10 
16 
20 
25 
30 
35 
40 

5 
10 
15 
20 
26 
30 
36 
40 

6 
10 
15 
20 
26 
30 
36 
40 

5 
10 
15 
20 
26 
30 
35 
40 

5 
10 
15 
20 
25 
30 
36 
40 


7.44 
7.75 
8.22 
8.90 
9.85 
11.14 
12.83 
14.90 

5.56 
5.56 
5.64 
5.83 
6.15 
6.63 
7.32 
8.20 

5.35 
5.25 
5.20 
5.22 
5.33 
5.55 
5.90 
6,39 

5  56 
5.40 
5  29 
5.23 
5.23 
5.32 
5.51 
5  79 

5.93 
6.75 
5.59 
5.48 
5.42 
6.43 
5.62 
568 


8.10 
8.62 

9.15 
10.05 
11.29 
12.92 
14.94 

607 
6.02 
6.05 
6.18 
6.45 
6.89 
7  52 
8.35 

5,97 
5.81 
5.71 
5.68 
5.73 
5.90 
6.21 


6,28 
6,07 
5,90 
5,79 
5.74 
5.78 
5.91 
6-15 

6.76 
6.52 
6  31 
6.15 
6.04 
5  99 
603 
6.14 


8  25 
8  46 
8.83 
9.40 
10.25 
11.44 
13.02 
14.99 

6.58 
6.48 
6,45 
6,63 
6,75 
7,14 
7.72 
8,50 

6,58 
6,37 
6,22 
6,13 
6.14 
6  26 
6.51 
6.89 

7,00 
6.74 
6.62 
6.35 
6.25 
6,24 
6  32 

6  50 

7,58 

7  29 
7.03 
6.82 
6  65 
6,56 
6,54 
6,60 


3,31 

3  72 

4.12 

3,52 

3  87 

4.23 

3.81 

4  11 

4.41 

4,20 

4,45 

4.70 

4,73 

i  92 

5.12 

5,42 

557 

6.72 

6,32 

6  41 

6.51 

7.41 

7  45 

7.49 

2.27 

2,7S 

3.29 

2.32 

2  78 

3.24 

2.41 

282 

3.22 

2.56 

2,91 

3.26 

2.77 

3.07 

3.37 

3.06 

3-31 

3.57 

3.46 

366 

3.86 

3.95 

4  10 

4.25 

2.06 

2,67 

3.29 

2.06 

2,62 

3.18 

2.09 

2,60 

3.11 

2.15 

2  61 

3.06 

2.25 

2  66 

3.07 

2.42 

2,77 

3.13 

2.65 

2,95 

3.25 

2  94 

3  19 

3.44 

2,06 

2  7S 

3.60 

2.03 

2  70 

3.37 

2,03 

2  64 

3.26 

2,05 

261 

3.17 

2.10 

2.61 

3.12 

2.20 

2.66 

3.12 

2.34 

2-76 

3.16 

2.54 

2  89 

3.25 

2.14 

2'J6 

3.79 

2.10 

217 

3,64 

2.08 

2  79 

361 

2.07 

2  74 

3.41 

2.09 

2.71 

3.32 

2.16 

2  71 

3.28 

2,25 

2  76 

3.27 

2  38 

-  ,^4 

3.30 

DollartlM  bdft. 

4.93 

5.34 

4.63 

6,76 

4.58 

4.93 

5.29 

564 

4.71 

5.01 

5.32 

5,62 

4.95 

5.20 

6,45 

5,70 

5.32 

5.52 

5.72 

5,92 

6.86 

6.01 

6.15 

6.30 

6.60 

670 

6.79 

6.88 

7.53 

7.58 

7.62 

7.66 

3.80 

4.31 

4.82 

5.3S 

3.69 

4.16 

4.61 

6.07 

3.63 

4.04 

4.44 

4.85 

3.62 

3,97 

4.33 

4.68 

3.68 

3.98 

4.28 

4.68 

3.82 

4.07 

4.32 

4.57 

4.06 

4  25 

4.45 

4.65 

4.39 

4.54 

4.69 

4.83 

3.90 

4.52 

5.13 

5.74 

3.76 

4.31 

4.87 

5.43 

3.62 

4.13 

4.64 

6.16 

3.52 

3.98 

4.44 

4.90 

3.47 

3.88 

4.29 

4.69 

3.48 

3.84 

4.19 

4.55 

3.56 

3.86 

4.16 

4.46 

3,69 

3.94 

4.20 

4.45 

4,21 

4.93 

5.65 

6.37 

4,03 

4.70 

5.37 

6.03 

3.87 

4.49 

5.10 

6.72 

3.74 

4.30 

4.86 

6.43 

3.63 

4.15 

4.66 

5.17 

3.58 

4.03 

4.49 

4.96 

3.57 

3.97 

4.38 

4.79 

3.60 

3.96 

4.32 

467 

4,61 

5.43 

6.26 

7.08 

4.41 

5.18 

5.96 

6.73 

4.23 

4.95 

5.67 

6.39 

4.07 

4.74 

6.41 

6.07 

3.94 

4.55 

5.17 

6.79 

3.84 

4.40 

4.97 

6.63 

3.78 

4.29 

4.80 

5.32 

3.76 

4  22 

4.68 

5.14 

2.48 

2.88 

3.29 

2.68 

2.93 

3.29 

2.74 

3.04 

3.34 

2.96 

3.21 

3.46 

3.28 

3.48 

3.68 

3.71 

3.86 

4.00 

4.27 

4.37 

4.46 

4.96 

6.01 

5.05 

1.86 

2.36 

2.87 

1.85 

2.31 

2.77 

1.88 

2.28 

2.69 

1.94 

2.29 

2.65 

2.06 

2.35 

2.65 

2.21 

2.46 

2.71 

2.44 

2.64 

2.83 

2.73 

2.88 

3.02 

1.78 

2.39 

3.01 

1.75 

2.31 

2.87 

1.73 

2.24 

2.76 

1.74 

2.19 

265 

1.77 

2.18 

2.59 

1.86 

2.20 

2.66 

1.96 

2.27 

2,67 

2.13 

2.38 

2.63 

1.85 

2.67 

3.29 

1.80 

246 

3.13 

1.76 

2.37 

2.99 

1.74 

2.30 

2.86 

1.74 

2.25 

2.76 

1.77 

2.23 

269 

1.83 

2.24 

2.66 

1.93 

2.28 

2.64 

197 

2.80 

3.62 

1.91 

2.68 

3.46 

1  86 

2.58 

3.30 

1.82 

2.49 

3.16 

1.80 

242 

3.03 

1.81 

2.37 

2.93 

1.84 

2.36 

2.86 

1.89 

2.35 

2.81 

3.69 
3.64 
3.64 
3.71 
3.88 
4.15 
4.56 
5.09 

3.38 
3.22 
3.10 
3.00 
2.95 
2.96 
3.03 
3.17 

3.62 
3.43 
3.26 
3.11 
2.99 
2.91 
2.87 
2.88 

4.01 
3.80 
3.60 
3.43 
3.27 
3.15 
3.06 
2.99 

4.44 
4.23 
4.02 
3.83 
3.66 
3.60 
3.37 
3.27 


4  10 
4.00 
3.95 
3.96 
4.07 
4.30 
4  65 
5.13 

3.89 
3.68 
3.60 
3.36 
3.25 
3.21 
3.23 
3.32 

4.24 
4.00 
3.77 
3.67 
3.40 
3.27 
3.18 
3.13 

4.72 
4.46 
4.22 
3.99 
3.78 
3.61 
3.46 
3.35 

6.27 
500 
4.74 
4.49 
4.27 
4.06 
3.88 
373 


4,50 
4.36 
4  25 
4.21 
4.27 
4.44 
4.75 
6.18 

4.40 
4.14 
3.91 
3.71 
3.66 
3.46 
3.43 
3.47 

4.86 
4.66 
4.28 
4.03 
3.81 
3.62 
3.48 
3.38 

6.44 
5.13 
4.83 
4.66 
4.30 
4.07 
3.87 
3.70 

6.09 
6.77 
6  46 
5.16 
4.88 
4.62 
4.40 
4.19 


4.91 
4.70 
4.55 
4.46 
4.47 
4  59 
4.84 
6,22 

4.91 
4.60 
4.31 
4.06 
3.86 
3.71 
3.63 
3.61 

6.47 
5.12 
4.79 
4  49 
4.21 
3.98 
3.78 
3.63 

6.16 
5.80 
6.45 
5.12 
4.81 
4.63 
4.28 
4.06 

6.91 
6.54 
6.18 
583 
6.50 
5.19 
4.91 
4.65 


Heud(|uarters  lor  the  Intermounlain  Forest  and 
Range  Experiment  Station  are  in  Ogden,  Utah. 
Field  Research  Work  Units  are  maintained  in: 

Boise,  Idaho 

Bozeman,   Montana  (in  cooperation  with 

Montana  State  University) 
Logan,  Utah   (in  cooperation   with  Utah 

State  University) 
Missoula,  Montana  (in  cooperation  with 

University  of  Montana) 
Moscow,  Idaho  (in  cooperatitjn  with  the 

University  of  Idaho) 
Provo,  Utah  (i  n     cooperation      with 

Brigham  Young  University) 


FOREST    SERVICE    CREED 

The  Forest  Service  of  the  U.  S.  Depdrtrnent  of  Agriiullure  is 
dedicated  to  the  princijile  of  multiple  use  management  of  the 
Nation's  forest  resources  for  sustained  yields  of  wood,  vjater, 
forage,  wildlife,  and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest  owners,  and 
management  of  the  National  Forests  and  National  Grus.slonds, 
it  strives  —  as  directed  by  Congress  —  to  provide  increasingly 
greater  service   to  a  growing  nation. 


^ 


